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The  goal  of  the  research  presented  in  this  dissertation  is  to  gain  a 
fundamental  understanding  of  adsorptive-adsorbent  interactions  in  the  hope 
that  the  information  obtained  may  be  apphed  to  the  rational  design  of  new 
adsorbents  tailored  to  specific  adsorptives.  A multiple  equihbrium  analysis 
model  (MEA)  has  been  developed  to  interpret  adsorption  isotherms  and  to 
show  that  the  parameters  obtained  are  meaningful  within  the  context  of  the 
model.  Adsorptives  have  been  selected  that  vary  in  size  and  polarizabfiity,  to 
permit  adsorbent  characterization  in  terms  of  these  physical  properties.  The 
equihbrium  constants  (Ki’s),  capacities  (jiis),  and  enthalpies  (-AHi’s)  obtained 
from  the  analysis  of  the  varied  adsorptives  are  then  used  to  directly  compare 
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activated  carbon  adsorbents  to  identify  the  variables  that  will  be  the  most 
important  in  novel  adsorbent  synthesis. 

The  pore  size  distribution  (PSD)  for  a porous  material  is  an  essential  piece 
of  information  for  selecting  a material  for  a specific  application.  With 
crystaUine  materials  such  as  zeohtes,  the  width  of  the  distribution  is  narrow 
and  an  idea  of  the  average  pore  size(s)  can  be  determined  from 
crystallography.  The  determination  of  pore  sizes  is  a httle  more  difficult  for 
amorphous  materials,  for  example,  carbons,  sdicas,  and  aluminas,  which 
usually  have  a wide  distribution  of  pore  sizes.  The  research  presented 
examines  a few  of  the  current  methods  used  for  determining  PSDs  and 
introduces  a method  that  takes  advantage  of  the  information  provided  by  the 
MEA. 

The  MEA  has  been  apphed  to  the  transition  from  the  filling  of  the  small 
micropores  to  the  filling  of  the  larger  micropores  (>  2 molecular  dimensions) 
where  multilayer  formation  is  possible.  The  purpose  of  this  study  is  not  to 
necessarily  gather  information  about  the  larger  pores  using  MEA,  although 
that  may  be  a result,  but  to  gain  insight  into  adsorption  from  the  hquid 
phase.  To  this  end,  the  adsorption  of  ethane  and  sulfur  hexafluoride  at 
subcritical  temperatures  is  examined  using  MEA. 
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CHAPTER  1 

A BRIEF  INTRODUCTION  TO  ADSORPTION  AND  POROSITY 

One  of  the  more  important  problems  a scientist  faces  is  the 
characterization  of  the  materials  they  create.  Single  molecules,  crystals,  and 
bulk  materials  all  require  different  methods  for  determining  identity, 
structure,  reactivity,  or  any  of  a myriad  of  physical  properties.  The  methods 
used  in  characterization  must  be  rehable,  accurate,  and,  probably  most 
importantly,  accessible.  Thus,  when  one  is  developing  a characterization 
methodology,  these  considerations  must  be  taken  into  account. 

Porosity 

A t3q)ical  household  sponge  with  its  interconnecting  series  of  channels  and 
holes  is  an  example  of  a porous  sohd.  The  number,  type,  and  size  of  the  pores 
and  the  way  that  they  are  arranged  in  the  sponge  refer  to  its  overall  porosity. 
Porosity  is  a broad  term  used  to  describe  the  porous  structure  of  a sohd  and  is 
usually  described  by  the  quantities  surface  area,  pore  volume,  pore  size 
distribution,  and  heterogeneity  [1,2].  All  of  these  terms  are  used  to  classify 
and  describe  porous  sohds  using  macroscopic  concepts. 

Structure 

A crystaUine  material  such  as  a zeohte  has  a weU-defined  and  regular 
structure.  The  zeohte  H-ZSM5  is  shown  in  Figure  1.1a.  From 
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crystallography,  the  dimensions  of  the  channels  and  pore  openings  can  be 
determined,  and  it  is  possible  to  estimate  the  type  and  size  of  molecules  that 
can  access  these  structures  [1].  However,  for  porous  materials  that  are 
globally  amorphous,  that  is,  no  long  range  ordering  exists,  crystallography  is 
not  possible  and  other  techniques  must  be  used  to  obtain  the  similar 
information. 

Activated  carbon  is  an  example  of  a material  that  is  globally  amorphous 
and  shows  some  short-range  order  on  the  microscale  [1,2].  Usually  short- 
range  ordering  consists  of  graphite  microcrystalhtes  that  do  not  show  a 
preferential  orientation.  A representation  of  graphite  microcrystaUite 
ordering  is  shown  in  Figure  1.1b.  The  arrangement  and  size  of  the  graphite 
microcrystallites  reflect  the  structure  of  the  starting  material  and  the  specific 
treatments  it  received  during  synthesis.  Gaps,  cracks,  and  crevices  in  the 
pore  structure  of  the  sohd  result  from  the  arrangement  and  size  of  the 
graphite  microcrystalhtes  and  impurities  in  the  matrix.  The  molecular  scale 
pores  created  by  the  gaps,  cracks,  and  crevices  in  the  pore  structure  of  the 

sohd  are  referred  to  as  micropores  and  range  up  to  20A  in  width  [3,4]. 

0 

Mesopores  range  from  20  to  500A,  and  macropores  are  designated  as  pores 

o 

with  widths  greater  than  500A  [3,4]. 

Heterogeneity 

A homogeneous  surface  can  be  hkened  to  a perfectly  smooth  tabletop 
where  one  part  of  the  surface  is  indistinguishable  from  another.  If  the 
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Figure  1.1:  a.)  The  crystal  structure  of  the  zeohte  H-ZSM5  and  b.)  a 
representation  of  the  structure  of  an  activated  carbon. 
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surface  is  considered  to  have  various  and  random  dents,  scratches,  and  other 
surface  irre clarities,  it  would  be  described  as  being  heterogeneous.  Some 
possible  representations  of  surfaces  are  shown  in  Figure  1.2.  The  first  case 
(a.)  is  the  perfect  homogeneous  surface,  while  the  other  four  show  different 
heterogeneous  cases:  random,  regular,  patch-wise,  island. 

Most  surfaces  can  be  categorized  as  being  heterogeneous.  Notable 
exceptions  include  ideal  crystallographic  faces,  for  example,  a nickel  00 1 face. 
The  nickel  010  face  is  different  from  the  001  face  and  a mixture  of  the  two 
would  be  considered  heterogeneous.  Certainly,  on  the  atomic  scale,  the  001 
face  of  a crystal  is  different  from  its  010  face,  but,  if  examined  from  a 
different  perspective,  that  is,  using  a probe  molecule,  they  may  be 
indistinguishable.  It  has  been  shown  that  a mixture  of  basel  plane  and  edge 
plane  graphite  may  be  distinguished  using  CO2  as  a probe  molecule  [5]. 

Surface  heterogeneity  arises,  as  discussed  above,  from  molecular  sized 
flaws,  cracks,  different  exposed  crystal  faces,  and  chemical  impurities,  and  is 
usually  important  when  discussing  crystalhne  sohds  and  non-crystalline 
macroporous,  mesoporous,  and  nonporous  sohds  [6].  When  examining 
microporous  sohds,  however,  pore  size  and  geometry  become  the  major 
contributors  to  the  observed  heterogeneity  and  another  type  of  heterogeneity 
must  be  considered,  energetic  heterogeneity  [7,8,9].  Energetic  heterogeneity 
is  a result  of  the  energy  differences  that  exist  in  molecular  size  pores  due  to 
the  additive  potential  from  each  of  the  pore  waUs  [10].  This  means  that  in 
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Fi^re  1.2;  Possible  representations  of  real  surfaces:  a.)  a homogeneous 
surface,  b.)  a random  heterogeneous  surface,  c.)  a regular  heterogeneous 
surface,  d.)  a patchwise  heterogeneous  surface,  and  e.)  an  island-hke 
heterogeneous  surface. 
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addition  to  basic  surface  heterogeneity,  pore  size  and  energetic  effects  must 
be  considered,  especially  when  considering  microporous  solids. 

Adsorption 

Adsorption  is  the  concentration  of  molecules  at  or  near  a surface  or 
interface.  Adsorption  should  not  be  confused  with  absorption,  which  is  a 
diffusion  controlled  process  involving  a bulk  fluid  entering  the  porous 
structure  of  a sohd.  Adsorption  occurs  because  the  forces  binding  the  bulk  of 
the  sohd  together  are  unbalanced  at  the  surface.  The  unbalanced  surface 
forces  create  a resultant  potential  field  perpendicular  to  the  plane  of  the 
surface  that  can  attract  a molecule  coming  within  proximity. 

Molecular  Interactions 

The  attractive  potential  between  an  adsorbing  molecule  and  the  atoms 
that  make  up  the  surface  is  a function  of  the  distance  from  the  molecule  to 
the  surface.  The  potential  is  due  to  the  attractive  London  dispersion  forces 
that  are  present  in  any  system  involving  more  than  one  atom  or  molecule.  In 
one  simple  model,  the  strength  of  the  dispersion  forces  is  dependent  on  the 
polarizabhity  of  the  molecules,  the  molecular  masses,  and  the  distance 
between  the  molecules,  r.  In  the  Lennard-Jones  model.  Equation  1.1,  the 
attraction  is  a function  of  r®  and  becomes  greater  at  smaller  values  of  r. 
Figure  1.3.  However,  at  a certain  value  of  r,  the  overlap  of  the  electron 
densities  leads  to  repulsive  forces  proportional  to  r-i^.  ri2  is  the  distance  that 
maximizes  the  interaction  energy,  E12,  which  is  the  minimum  in  the  function 
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shown  in  Figure  1.3,  while  g is  distance  between  the  molecules  at  the  zero- 
point  energy,  E(r)  = 0.  Modehng  the  interaction  between  two  isolated 
molecules  therefore  takes  into  account  both  the  attractive  and  repulsive 
forces. 


E{r)  = AE^ 


12 


j 


\r  J 


(1.1) 


If  a non-polar  adsorptive  molecule  is  considered,  the  strength  of  the 
interaction  will  depend  on  the  polarizabihty  of  both  the  adsorbing  molecule 
and  the  atoms  of  the  surface  and  on  the  orientation  that  the  molecule  takes 
when  adsorbed  [1,11,12,13].  If  we  further  consider  that  the  molecule  is 
oriented  in  a way  that  maximizes  the  dispersion  interaction  with  the  surface, 
the  resultant  energy  approximates  the  free  energy  of  adsorption  (AGads).  For 
adsorption  to  be  a spontaneous  process,  AGads  must  necessarily  be  negative. 
The  loss  of  translational,  rotational,  and  vibrational  degrees  of  freedom  by  a 
molecule  upon  adsorption  requires  that  ASads  be  negative,  meaning  that  AHads 
must  therefore  be  negative  also.  Some  physisorption  processes  may  only 
occur  at  low  temperatures  because  then  AG  is  favorable.  Experiments  run  at 
a series  of  temperatures  then  allows  the  determination  of  the  enthalpy 
(AHads)  and  entropy  (ASads)  of  adsorption. 

Chemical  versus  Physical  Adsorption 


The  strength  of  the  interaction  between  a molecule  and  a surface  depends 
on  the  nature  of  the  interaction.  Chemical  adsorption  (chemisorption)  is 
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Figure  1.3;  The  Lennard-Jones  potential  function  describing  the  interaction 
between  two  molecules. 


9 


characterized  by  a large  negative  enthalpy  of  adsorption,  usually  greater 
than  20  kcal  mole-  ' [1]-  However,  a large  -AHads  does  not  necessarily  mean 
chemical  adsorption.  Chemisorption  also  requires  is  the  formation  of  a 
chemical  bond  between  the  adsorbing  species  and  the  surface.  An  example  of 
a chemisorption  process  is  the  adsorption  of  H2  gas  on  platinum  metal.  Other 
characteristics  of  chemisorption  are  site  specificity  (localized  adsorption), 
irreversibility,  and  that  adsorption  is  limited  to  a monolayer  [1]. 

In  contrast,  physical  adsorption  (physisorption)  is  dominated  by 
intermolecular  forces  such  as  dipole  - dipole  and  dispersion  forces  [1].  The 
interacting  species  retain  their  individuahty  on  adsorption  and  adsorbate 
molecules  are  free  to  move  about  the  surface,  that  is,  no  localized  adsorption 
exists.  This  means  that  there  is  no  localized  adsorption  or  that  it  is  not  site 
specific.  Physical  adsorption  is  also  fuUy  reversible.  Attempts  to  model  both 
chemical  and  physical  adsorption  have  required  necessary  .simplifying 
assumptions  such  as  site  specific  adsorption  that  will  be  discussed  later. 

Adsorbents  and  Porous  Materials 

The  materials  of  interest  in  this  research  are  adsorbents,  catalysts,  and 
catalyst  supports.  It  should  be  mentioned  that  although  protein  clusters  and 
other  small  clusters  undergo  similar  interactions,  they  belong  to  another 
class  of  materials  and  will  not  be  discussed  here.  A knowledge  of  the 
behavior  of  adsorption  and  adsorptive  materials  [14]  and  an  understanding  of 
the  workings  of  these  behaviors  may  allow  the  improvement  of  existing 
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materials  [15]  and  the  ssmthesis  of  novel  materials  for  apphcations  yet  to  be 
discovered  [16-19]. 

Applications  of  Porous  Solids 

Adsorbents.  Perhaps  the  largest  use  of  porous  materials  is  as 
adsorbents.  The  function  of  an  adsorbent  is  the  selective  removal  of  one  or 
more  substances  from  the  bulk  of  another.  Water  treatment  plants  use 
adsorbents  to  remove  harmful  waste  products  from  water  supphes  [20].  The 
simple  water  filter  at  home  uses  a similar  type  of  material.  Chemists  use 
carbon  adsorbents  to  clarify  solutions  and  aquarists  use  these  same  carbons 
to  remove  colors  and  toxic  waste  products  from  their  tropical  aquariums.  The 
chemist  also  uses  silica  to  purify  the  compounds  that  they  make.  The  same 
silica  is  also  used  as  a desiccant  to  keep  moisture  sensitive  products  viable. 

Catalysis.  Another  area  that  takes  advantage  of  the  many  properties  of 
porous  materials  is  catalysis  [21-24].  Catalysts  are  used  for  many  varied 
processes  from  oil  refining  to  drug  synthesis.  Heterogeneous  catalysts  are 
solids  that  consist  of  discrete  sites  responsible  for  the  observed  chemistry. 
The  way  the  active  sites  interact  with  reactants  and  products  depends  on 
adsorption. 

In  addition  to  understanding  the  interaction  of  the  reactants  and  the 
products  with  a catalyst’s  active  sites,  the  interaction  of  these  molecvdes  with 
the  remainder  of  the  sohd  surface  is  critical.  In  a zeohte,  for  example,  a 
strong  interaction  between  a reactant  and  the  zeohte  may  prevent  the 
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reactant  from  reaching  the  catalyst’s  active  site,  thus  preventing  or  at  least 
slowing  the  reaction  [25],  Conversely,  interactions  that  are  too  weak  may  not 
allow  a sufficient  concentration  to  build  up  around  the  active  site,  again 
restricting  the  efficiency  of  the  reaction.  On  the  other  hand,  a strong 
interaction  between  the  support  and  reaction  products  could  result  in  the 
catalyst  becoming  saturated  with  product  and  prevent  reactants  from 
reaching  the  active  site,  or  result  in  a reaction  between  product  and  the 
active  site  [26]. 

Gas  separation.  The  last  major  use  of  porous  materials  is  in  the  area  of 
separations.  It  was  briefly  mentioned  above  that  porous  silica  is  used  in 
chromatographic  separations,  but  other  materials  such  as  alumina, 
aluminosilicates,  carbon  molecular  sieves,  and  zeolites  also  perform 
separations  [16,25-29].  One  industrially  important  application  is  in  the  area 
of  gas  separation,  particularly  pressure  swing  adsorption.  Pressure-swing 
adsorption  is  a process  used  for  the  removal  from  one  gas  from  another  that 
could  otherwise  be  accomplished  using  cryogenic  distillation.  The  method  is 
based  on  the  selective  adsorption  of  one  component  followed  by  a release  of 
the  adsorbed  component  by  reducing  the  pressure  and  heating.  A common 
use  is  the  separation  of  air.  The  nitrogen  molecule  is  shghtly  larger  than  the 
oxygen  molecule  and  this  slight  difference  in  size  is  exploited  to  effect  their 


separation  [30]. 
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Synthesis 

Many  methods  exist  for  the  synthesis  of  porous  materials,  the  activity  of 
which  greatly  depends  on  the  starting  materials  and  the  specific  treatments 
they  receive.  Extensive  reviews  covering  synthetic  techniques  for  making 
zeohtes  and  zeohte-hke  materials,  amorphous  sOicas,  aluminas, 
aluminosihcates  and  activated  carbons  may  be  found  in  the  hterature  [31,32]. 
Since  the  work  to  be  presented  involves  only  carbon  derived  materials  a brief 
discussion  of  their  synthesis  follows. 

Ultimately,  precursor  materials  and  activation  procedures  determine  the 
properties  of  an  activated  carbon  or  a carbon  molecular  sieve  [33].  Activated 
carbon  materials  have  been  made  from  a variety  of  starting  materials 
including  coal,  coconut  shells,  peat,  wood,  graphite,  nut  shells,  fruit  pits,  and 
synthetic  polymers  and  resins;  basically  anything  that  can  be  converted  to  a 
char  can  become  an  activated  carbon  [2,20,31,32,34-36].  First,  the  precursor 
material  is  heated  under  vacuum  or  in  the  presence  of  a controlled  amount  of 
gas  for  a certain  amount  of  time.  This  is  called  pyrolysis  and  involves  the 
carbonization  of  the  compounds  that  make  up  the  starting  material. 
Carbonization  is  a complex  series  of  reactions  where  the  compounds  making 
up  the  precursor  are  decomposed  to  mostly  carbon  containing  products. 
Temperature,  the  nature  of  the  pyrolysis  atmosphere,  and  time  are  the  most 
important  variables  during  this  stage  of  the  synthesis  and  affect  the  degree  of 
carbonization  attained  in  the  final  product  [37,38].  The  decomposition  of  the 
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precursor  affects  the  formation  of  small  gas  pockets  and  a shifting  and 
collapse  of  other  regions  of  the  sohd.  It  is  the  collapse  and  rearrangement  of 
the  carbon  structure  during  carbonization  that  gives  the  resulting  material 
its  unique  pore  structure  [37,39]. 

After  carbonization,  the  material  is  activated  using  steam,  air,  or  CO2  to 
oxidize  remnants  of  the  carbonization  process  [40],  Activation  opens  pores 
that  may  be  blocked  by  residual  ash  and  other  compounds.  This  is  also  the 
stage  where  the  size  of  the  pores  may  be  altered  either  by  further  oxidation 
(to  increase  pore  size)  or  by  the  controlled  decomposition  of  additives  (to 
decrease  pore  size)  [40,41].  Additional  activation  may  include:  washing  with 
water  to  remove  ash,  again  opening  blocked  pores;  acid  washing,  to  remove 
residual  impurities  and  ash;  and  neutrahzation  with  Na2C03  to  neutralize 
any  residual  acidity  either  from  acid  washing  or  an  oxidation  step. 
Impurities  remaining  within  the  structure  of  the  material,  mostly  sulfur, 
phosphorous,  and  iron,  can  greatly  affect  the  final  properties  of  the  activated 
carbon.  In  any  case,  it  is  in  the  activation  process  that  an  activated  carbon’s 
properties  are  altered  for  specific  apphcations  [20]. 

Characterization 

Activated  carbons  are  difficult  to  characterize  because  common 
techniques,  for  example,  normal  spectroscopy,  are  useless  due  to  the  extreme 
complexity  of  the  spectra  obtained.  However,  NMR  studies  of  probe 
molecules  such  as  xenon  have  been  used  to  examine  the  pore  structures  of 
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activated  carbons  [42,43],  Advances  in  microscopy  have  allowed  direct 
observation  of  the  pore  structures  within  activated  carbon  materials  [30,33], 
Several  other  physical  techniques  have  been  used  to  examine  the  structure  of 
activated  carbons  [44-48],  The  usual  characterization  of  microporous  sohds 
rehes  on  adsorption  experiments  to  determine  the  specific  surface  area  (the 
area  with  respect  to  a certain  molecule),  the  micro-,  meso-,  macropore,  and 
total  pore  volumes,  and,  possibly,  the  distribution  of  the  micropores  [3,4,49- 
51], 

The  adsorption  experiment.  Probably  the  most  used  and  useful 
technique  for  examining  the  porosity  of  porous  materials  is  gas  adsorption 
[49,52-58],  In  a typical  experiment,  a sohd  material  is  exposed  to  a known 
pressure  of  a gas.  The  pressure  of  the  gas  drops  proportionally  to  the  amount 
of  gas  that  is  adsorbed  by  the  material.  Another  known  amount  of  gas  is  then 
introduced  to  raise  the  external  gas  pressure  to  its  previous  value  followed  by 
exposure  to  the  sohd.  The  dosing  of  known  amounts  of  gas,  followed  by  an 
equihbration  period,  is  repeated  until  the  pressure  ceases  to  change  within  a 
specified  time  interval,  that  is,  equihbrium  is  estahhshed  at  the  apphed 
pressure.  The  amount  of  gas  adsorbed  is  recorded  at  each  equihbrium 
pressure,  which  is  varied  to  cover  a range  of  pressure.  When  cohected  at  a 
single  temperature,  isothermahy,  a plot  of  the  amount  adsorbed  versus 
pressure  is  caUed  an  adsorption  isotherm.  In  a similar  manner  the  pressure 
can  be  reduced  by  a controUed  amount  with  the  amount  of  gas  desorbed  being 
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measured.  This  is  the  desorption  isotherm.  Differences  between  the 
adsorption  and  desorption  isotherms  yields  information  about  the  pore 
structure  of  the  sohd,  but  analysis  of  the  adsorption  or  desorption  isotherm 
alone  can  also  yield  a great  deal  of  information  about  the  structure  of  the 
sohd.  The  analysis  of  the  isotherm  data  often  varies  and  the  interpretation  of 
the  data  sometimes  yields  conflicting  results. 

Surface  area.  The  idea  of  surface  area  is  really  a macroscopic  one.  The 
surface  area  of  a tabletop  has  real  physical  meaning,  it  is  the  length  of  the 
table  multiphed  by  the  width.  The  result  is  the  amount  of  area  that  is 
available  for  use  for  a given  apphcation.  If  the  table  was  then  covered  with 
identical  circles  of  known  area,  the  area  of  the  table  could  be  estimated  with 
respect  to  the  number  of  circles  needed  to  cover  its  area  without  overlapping 
(monolayer  coverage).  This  would  not  be  the  true  surface  area  of  the 
tabletop,  but  a vahd  estimation  based  on  summing  the  areas  of  the  individual 
circles.  Using  smaller  circles  would  give  a better  estimate  of  the  real  area, 
but  the  meaning  of  the  area  measurement  becomes  clear  when  the  area 
necessary  for  a particular  use  is  taken  into  account,  for  example,  the  number 
of  books  of  a certain  dimension  that  can  be  placed  on  the  tabletop.  The 
purpose  of  the  tabletop  analogy  is  to  show  that  surface  area  is  dependent  on 
the  method  used  to  determine  its  value.  The  measured  surface  area  of  a 
porous  sohd  is  strongly  dependent  on  the  molecule  used  to  measure  it,  the 
true  surface  area  is  constant  [3,4,59,60] 
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The  area  of  non-porous,  mesoporous,  and  macroporous  materials  is  not 
very  difficult  to  rationalize  and  the  macroscopic  view  of  the  tabletop  can  be 
used.  Only  the  size  of  the  molecule  used  to  measure  the  surface  area  and  its 
orientation  on  the  surface  need  be  considered.  The  meaning  of  surface  area  as 
a property  of  a microporous  sohd  is  not  as  clear.  In  pores  with  widths  on  the 
order  of  the  size  of  the  adsorptive  molecule,  the  adsorptive  may  interact  with 
both  of  the  pore  walls  effectively  doubling  the  effective  surface  area,  if  using 
the  macroscopic  view.  The  idea  of  surface  area  in  microporous  sohds  is 
further  complicated  by  heterogeneous  surfaces  and  pore  distributions. 

The  most  widely  used  method  for  determining  surface  area  is  the  BET 
method  using  the  nitrogen  adsorption  isotherm  collected  at  77K  [59]. 
Although  BET  is  useful  for  comparing  porous  materials,  it  tends  to  greatly 
exaggerate  surface  areas  for  microporous  sohds  [1].  Other  methods  have 
been  suggested  for  the  determination  of  surface  area  [11,46,60],  but  BET  is 
still  widely  used  even  with  its  hmitations. 

Pore  volume.  In  addition  to  surface  area,  it  is  useful  to  know  the  fluid 
volume  capacity  of  a porous  sohd  [3,4].  The  macroscopic  equivalent  is  the 
amount  of  fluid  that  can  be  held  in  a specific  volume,  for  example,  the 
amount  of  water  that  can  be  held  in  a glass.  The  total  pore  volume  is  usually 
taken  as  the  amount  of  fluid  adsorbed  at  ~1  atmosphere  of  pressure,  which  is 
usually  a vahd  estimation  since  the  adsorptive  gas  is  usually  hquefied  at  the 
experimental  temperature  at  one  atmosphere.  The  total  pore  volume 
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includes  the  contribution  from  the  macro-,  meso-,  and  micropores  with  the 
micropores  being  the  largest  contributor  in  many  cases  involving  microporous 
carbons.  As  the  micropores  are  responsible  for  most  of  the  activity  observed 
for  porous  sohds,  it  is  useful  to  know  their  contribution  to  the  total  volume. 

Several  t-plot  methods  have  been  used  for  determining  micropore  volumes 
based  on  a statistical  thickness  parameter  (t)  that  corresponds  to  the 
formation  of  multiple  layers  of  adsorbate  on  a reference  material.  The  choice 
of  reference  material,  and  thus,  parameters,  determines  the  vahdity  of  the 
resulting  volumes.  Other  methods  have  used  micropore  capacities  derived 
from  model  parameters  and  determined  micropore  volumes  by  assuming  the 
adsorbed  fluid  is  similar  to  its  hquid  state  and  using  the  hquid  density. 
Again,  meaning  comes  into  play  when  considering  the  small  micropores,  < 2 
molecular  diameters,  where  only  the  possibihty  of  monolayer  adsorption 
exists. 

Pore  size  distribution.  The  pore  size  distribution  (PSD)  is  a useful 
piece  of  information  for  selecting  a material  for  a specific  apphcation  [3,4]. 
For  example,  the  separation  of  nitrogen  from  oxygen  is  possible  because  of  a 
shght  difference  in  size  between  the  two  molecules.  For  the  separation  to  be 
efficient,  the  material  used  should  have  a large  number  of  pores  that  will 
allow  the  adsorption  of  oxygen  while  excluding  nitrogen.  Accurate  PSDs  [61- 
64]  for  a range  of  materials  allows  quick  screening  for  suitable  candidates  for 


testing. 
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Modeling  Adsorption 

Methods  used  for  characterizing  porous  sohds  usually  rely  on  an 
underlying  theory  of  adsorption  and  an  associated  equation  to  describe  the 
theory  [65,66],  The  equations  used  are  usually  a simple  way  to  explain  the 
adsorptive  behavior  observed  for  different  gas/sohd  systems  [67-69],  Further, 
the  observed  behavior  must  be  described  in  terms  that  attach  physical 
significance  to  the  parameters  used  to  describe  the  model  [70,71],  Usually, 
several  simplifying  assumptions  concerning  a real  system  are  made  to  get  a 
model  to  work.  Sometimes  the  assumptions  are  invalid  but  the  reasoning 
behind  the  assumptions  may  lead  to  a modification  of  the  model.  Brief 
descriptions  of  the  most  used  and  influential  models  for  adsorption  follow. 
Henry’s  Law 

Generally,  at  very  low  pressures  (dilute  concentrations),  the  amount  of 
adsorbate  per  gram  of  sofid  (N)  is  directly  proportional  to  the  equOibrium 
pressure  (Peg)  of  the  adsorptive  over  the  solid.  Equation  1.2.  Equation  1.2  is 
known  as  Henry’s  Law  [1,2,72].  Kh  is  a proportionality  constant  and  is 

(1.2) 

referred  to  as  the  Henry  constant.  Equation  1.2  is  usually  valid  only  in 
regions  of  low  pressure  where  the  surface  coverage  is  very  low  and  neighbor 
interactions  are  virtually  nonexistent  as  the  sofid  effectively  “solvates”  the 
adsorbate  molecules.  Most  isotherm  equations  are  considered  valid  only  if 
they  reduce  to  Henry’s  Law  in  the  low-pressure  range  [1,72]. 
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The  Langmuir  Isotherm 

The  nature  of  the  Langmuir  adsorption  isotherm  will  be  addressed  in 
detail  in  Chapter  2 and  will  only  be  briefly  introduced  here.  The  original 
construction  of  Langmuir’s  theory  of  adsorption  considered  the  chemical 
adsorption  of  gases  and  the  formation  of  monomolecular  layers  on  plane  sohd 
surfaces  [11].  The  assumptions  of  the  model  are  that  molecules  are  adsorbed 
by  a locahzed,  specific  site  on  the  surface,  sites  can  contain  a single  molecule 
only,  all  of  the  sites  on  the  surface  are  equivalent,  and  lateral  interactions 
between  adsorbed  molecules  are  ignored.  The  kinetic  derivation  of  the 
Langmuir  model  leads  to  Equation  1.3,  where  b is  taken  as  the  adsorption 


0 = 


b P.a 

gq' 

eq 


(1.3) 


equflibrium  constant,  Peq  is  the  equihbrium  pressure  of  the  adsorptive  over 
the  solid,  and  ^is  the  surface  coverage  [1].  If  2"  is  taken  to  be  the  amount 
adsorbed  at  pressure  Peq  and  is  the  amount  of  gas  needed  to  complete  a 
monolayer  on  the  surface,  0 can  be  represented  by  Equation  1.4 

0^^  (1.4) 

Xm 


and  (1.3)  becomes 


Xm  -b-Pe, 

^ + bP,, 

eq 


(1.5) 


A plot  of  Peq  / ;^  versus  Peq  allows  the  determination  of  the  monolayer  capacity 
XM  and,  given  adsorbate  dimensions,  the  specific  surface  area  of  the 
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monolayer.  Deviations  from  linearity  are  observed  for  heterogeneous 
materials,  however,  at  low  coverage  Equation  1.5  reduces  to  Henry’s  Law 
(Equation  1.2)  [72]. 

The  BET  Isotherm 

A modification  of  Langmuir’s  theory  for  monolayer  adsorption  was  made 
by  Brunauer,  Emmett,  and  Teller  (BET)  to  include  the  formation  of 
multilayers  [1,59].  The  assumptions  made  in  the  BET  model  are: 

1.  each  adsorbed  molecule  serves  as  an  adsorption  site  for  the  next 
layer  of  molecules 

2.  adsorption  is  locahzed  (sites)  and  lateral  interactions  between 
adsorbed  molecules  are  ignored 

3.  the  enthalpy  of  adsorption  for  the  second  and  subsequent  layers  is 
assumed  to  be  equal  to  the  enthalpy  of  hquefaction,  AHl,  and 
different  from  the  enthalpy  of  adsorption  for  the  first  layer,  AHi. 


The  result  is  the  BET  Equation,  (Equation  1.6),  where  V is  the  volume 


V = 


Vm-cp 


{p>-p}+ 


l + (C-l) 


p 


(1.6) 


adsorbed  at  an  equihbrium  pressure  P,  Vm  is  the  volume  of  the  monolayer,  Po 
is  the  saturation  pressure  of  the  adsorptive  at  the  temperature  of  the 
experiment,  and  C is  referred  to  as  the  BET  C constant.  C is  related  to  AHi 


C = e 


(1.7) 


and  AHl  by  Equation  1.7.  Thus,  the  enthalpy  of  adsorption  for  the  monolayer 
can  be  determined  from  C.  The  surface  area  of  the  monolayer  can  be  found 
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by  determining  xm  (the  amount  of  gas  needed  to  complete  the  monolayer) 
from  Equation  1.8  by  plotting  P / V(Po-P)  versus  P/Po,  Equation  1.8.  The 
slope  is  equal  to  (C-I)IVmC  and  the  intercept  is  IIVmC.  The 


limitations  of  the  BET  method  are  well  documented  [1,2]  and  attempts  have 
been  made  to  improve  its  meaning  by  including  a correction  for  lateral 
interactions  between  adsorbed  molecules  [73,74],  but  it  remains  as  the  most 
used  method  for  estimating  surface  areas. 

The  Freundlich  Isotherm 

Another  adsorption  isotherm  equation  that  has  been  widely  used  and 
modified  is  the  Freundhch  isotherm.  Equation  1.9  [1,75].  % is  the  amount 
adsorbed  per  gram  of  sohd,  Peq  is  the  equfiibrium  pressure  of  the  adsorptive 
over  the  sohd,  and  K and  1/n  are  constants  characteristic  to  the 


P 1 C-1  P 


(C-1)  P 


(1.8) 


(1.9) 


solid  / adsorptive  system  being  studied.  The  Freundlich  isotherm  takes  into 


account  the  heterogeneity  of  the  solid  and  the  distribution  of  the  adsorption 


sites  and  their  energies. 


The  Harkins  and  Jura  Method 


In  1944,  Harkins  and  Jura  developed  a method  for  determining  surface 
area  derived  from  thermodynamics  as  an  alternative  to  BET,  which  is 
derived  from  kinetics  [60].  The  most  notable  difference  between  the  two 


22 


methods  comes  from  H-J  not  requiring  an  estimate  of  the  molecular  size  of 
the  adsorptive  used,  which  BET  requires.  BET  uses  molecular  areas 
calculated  from  assumed  packing  arrangements  for  the  molecxdes  in  the 
hquid  or  sohd  state,  each  of  which  gives  a different  result  [59],  H-J  on  the 
other  hand,  assumes  that  surface  area  (E)  is  an  intrinsic  property  of  the  sohd 
that  can  he  directly  solved  for  using  an  adsorption  isotherm. 

Harkins  and  Jura  found  that  a plot  of  ln(p/po)  (p  is  the  equihbrium 
pressure  and  po  is  the  saturation  pressure  of  the  gas  at  the  temperature  of 
the  experiment)  versus  the  reciprocal  of  the  square  of  the  amount  adsorbed 
{N-^  yields  a straight  line.  The  square  root  of  the  slope  (s)  of  this  line  is 
proportional  (k)  to  the  surface  area  of  the  sohd.  Equation  1.10.  The 
examination  of  many  isotherms  involving  different  gases  and  sohds  led  to  the 

I = (1.10) 

determination  of  a value  for  k for  each  gas  studied.  When  Equation  1.10  was 
used  with  data  from  Brunauer  and  Emmett  there  was  close  agreement  with 
the  BET  surface  area  values,  but  with  less  range  in  their  values,  that  is,  the 
H-J  areas  were  closer  to  one  another  than  the  BET  values  were  [60]. 
Although  the  Harkins-Jura  method  appears  to  be  better  than  BET,  it  finds 
little  use  today. 
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The  Dubinin-Radushkevich  Equation 

The  empirical  Dubinin-Radushkevich  isotherm  (D-R)  is  based  on  a 
Gaussian  distribution  function  for  describing  micropore  filhng,  6,  Equation 
1.11  [72,76],  Eo  is  the  characteristic  energy  of  adsorption  for  a reference 


6 = exp 


J 


(1.11) 


gas  and  f3  is  the  similarity  coefficient.  A is  the  free  energy  change  on 
adsorption  and  is  given  by  Equation  1.12  where  R is  the  gas  constant, 

A = - RTln(P/Po)  (1.12) 

T is  the  experimental  temperature,  P is  the  equdibrium  pressure  of  the  gas, 
and  Po  is  the  saturation  pressure  of  the  gas  at  the  experimental  temperature. 
The  D-R  equation  has  been  used  extensively  for  describing  physical 
adsorption  processes  for  many  gas  / sohd  systems  including  microporous 
sohds.  To  take  into  account  the  energetic  heterogeneity  that  exists  due  to  the 
distribution  of  micropore  sizes.  Equation  1.11  takes  the  form 


6>  = r exp 

2 

— 

Jo 

kEJ 

g(E)dE  (1.13) 

where  g(E)  is  an  assumed  energy  distribution  function  describing  the 


micropores.  Although  this  isotherm  equation  has  been  remarkably  successful 
for  describing  a variety  of  gas/sohd  systems,  httle  progress  has  been  made  to 
elevate  it  from  its  empirical  foundations  to  a sound  theoretical  level  [76]. 
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Concluding  Remarks 

The  purpose  of  this  introductory  chapter  has  been  to  briefly  describe  the 
important  and  noteworthy  concepts  necessary  for  discussing  gas  / solid 
equilibria  involving  porous  solids.  In  no  way  should  it  be  taken  as  a 
comprehensive  compilation  of  the  accompHshments  in  this  area.  Rather,  the 
methods  and  theories  that  have  had  the  greatest  influence  on  current 
research  have  been  summarized  to  introduce  the  methodologies  that  exist 
and  their  origins.  It  shoidd  also  be  noted  that  all  common  methods  are, 
however,  limited  in  their  description  of  the  adsorption  process  and  restrict 
the  meaning  of  the  associated  surface  area  and  pore  volume  determinations 
in  addition  to  any  model  derived  parameters. 

The  remainder  of  this  work  will  be  devoted  to  a theoretical  description  of 
micropore  filhng  using  a new  adsorption  model  and  the  evaluation  of  the 
model  parameters  to  quantify  specific  properties  of  the  gas  / solid  adsorption 
system.  Chapter  2 describes  the  basis  of  the  Multiple  Equihbrium  Analysis 
(ME  A)  and  uses  ME  A derived  quantities  to  compare  and  contrast  five 
activated  carbon  adsorbents.  Chapter  3 involves  the  use  of  MEA  derived 
quantities  to  present  pore  size  distributions  (PSDs)  for  the  sohds  studied  and 
suggests  the  role  of  MEA-PSDs  in  the  prediction  of  adsorption  isotherms.  In 
Chapter  4,  multilayer  formation  is  addressed  in  a manner  consistent  with  the 
MEA,  and  Chapter  5 contains  a brief  review  of  the  research  presented. 


CHAPTER  2 

A MULTIPLE  EQUILIBRIUM  ANALYSIS  (MEA)  OF  ADSORPTION  AND 

POROSITY  IN  CARBONS 

The  ultimate  goal  of  the  research  presented  here  is  to  gain  a fundamental 
understanding  of  adsorptive-adsorbent  interactions  and  apply  the 
information  obtained  to  the  rational  design  of  new  adsorbents  tailored  to 
specific  adsorptives  of  interest.  A multiple  equihbrium  analysis  model  (MEA) 
has  been  developed  to  interpret  adsorption  isotherms  and  to  define  the 
adsorptive  effects  and  porosity  of  porous  materials.  Adsorptives  have  been 
selected  that  vary  in  size  and  polarizabdity  to  permit  adsorbent 
characterization  in  terms  of  these  physical  properties.  The  equihbrium 
constants  (Ki’s),  capacities  (nis),  and  enthalpies  (-AHi’s)  obtained  from  the 
analysis  of  the  varied  adsorptives  are  then  used  to  directly  compare  activated 
carbon  adsorbents  to  provide  insight  into  the  variables  that  may  be 
important  in  novel  adsorbent  synthesis. 

The  Langmuir  Model 

In  his  original  work,  Langmuir  described  monolayer  adsorption  on  an 
energetically  homogeneous  surface,  specifically  glass,  mica,  and  platinum 
[11].  The  interactions  on  these  surfaces  are  chemical  in  nature 
(chemisorption).  The  basic  assumptions  of  the  model  are:  [1,11] 
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1.  molecules  are  adsorbed  by  a localized  site 

2.  an  adsorption  site  may  contain  only  one  molecule 

3.  all  adsorption  sites  are  energetically  equivalent 

4.  lateral  interactions  between  adsorbed  molecules  are  ignored. 

Given  the  assumptions  above,  an  expression  describing  the  observed 
interactions  can  be  derived  using  kinetic,  thermodynamic,  or  statistical 
mechanics  arguments  [1],  The  simple  kinetic  model.  Figure  2.1,  requires  that 
the  rate  of  adsorption  depend  on  the  fraction  of  the  surface  that  is  bare  and 
that  the  rate  of  evaporation  depend  on  the  fraction  of  the  surface  that  is 
covered.  At  equilibrium,  these  rates  are  equal  leading  to  Equation  2.1.  Here 
Na  is  Avogadro’s  number.  No  is  the  number  of  adsorption  sites  on  the  surface 


Na  oh 

— -n  - — 

Ng  \+OH 


(2.1) 


of  the  sohd,  n is  the  amount  adsorbed,  o is  related  to  the  fraction  of  the  gas 
molecules  adsorbed  and  to  the  evaporation  rate,  and  ju  is  proportional  to  the 
equOibrium  pressure  of  the  adsorptive  and  to  the  temperature.  The 
Langmuir  model  holds  for  systems  such  as  the  chemisorption  of  carbon 
monoxide  on  platinum. 

What  if  there  is  more  than  one  t5q)e  of  adsorption  site  on  a single  surface 
or  there  are  different  active  surfaces  in  a given  system,  that  is, 
heterogeneity?  In  the  case  of  heterogeneity,  the  different  t}q)es  of  surface 
sites  contribute  differently  to  the  total  observed  equihbrium.  If  Bi  is  the 
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Figure  2.1:  A kinetic  description  of  adsorption. 
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No 


n = 


y 

i 1 + o-,/i 


(2.2) 


fraction  of  the  total  adsorption  attributed  to  site  type  i and  there  are  i 
different  types  of  sites,  Equation  2.1  becomes  2.2  [11].  For  the  i types  of  sites 
to  be  differentiated,  the  interactions  involved  must  be  significantly  different, 
that  is,  the  chemical  equilibrium  describing  adsorption  at  site  type  A must 
differ  from  that  for  B,  etc.  If  the  chemical  processes  are  similar,  however, 
resolution  of  the  different  sites  will  not  be  possible. 

The  Multiple  Equilibrium  Analysis 


An  activated  carbon  material  (carbon)  can  be  described  in  a manner 
similar  to  that  used  to  describe  the  different  types  of  chemisorption  sites 
given  above.  The  dominate  interaction  in  carbons  is  physical  adsorption 
(physisorption)  compared  to  chemisorption  [52,77-80].  When  a molecule 
enters  the  pore  structure  of  an  activated  carbon  it  can  interact  within  a 
specific  distribution  of  pores  that  differ  mostly  with  respect  to  size.  The  size 
of  a pore  depends  on  its  shape  and  the  hterature  support  is  the  view  that  the 
pores  in  activated  carbons  and  carbon  molecular  sieves  are  sht-shaped 
[10,75,81,82].  A sht-shaped  model  for  pores  means  that  the  greatest 
difference  between  pores  in  a given  material  will  be  in  the  width  of  their 
openings  and  the  distance  between  the  opposing  walls  that  make  up  the 
pores  [18,83].  If  a molecule  interacts  with  the  surface  of  a pore  with  a width 
much  greater  than  the  diameter  of  the  molecule,  the  observed  interaction  will 
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be  similar  in  magnitude  to  that  of  the  same  molecule  interacting  with  a 
single  graphitic  plane  [10],  In  pores  greater  than  two  molecular  diameters  in 
width,  the  opposite  wall  of  the  pore  is  far  enough  away  from  the  adsorbed 
molecule  that  it  does  not  contribute  significantly  to  the  observed  interaction 
[10,82]. 

If  the  molecule  interacts  with  the  internal  surface  of  a pore  with  a width 
similar  to  or  sfightly  larger  than  the  diameter  of  the  molecule,  both  walls 
contribute  and  the  interaction  is  significantly  increased  over  the  single  wall 
case  [10,82].  Using  the  equations  developed  by  Everett  and  Fowl,  the 
variance  of  the  interaction  with  pore  width  is  shown  in  Figures  2.2  and  2.3. 
The  scale  of  the  y-axis  (E2/E1)  is  the  ratio  of  the  interaction  for  two  pore  walls 
(E2)  to  that  observed  for  the  one  wall  case  (Ei),  that  is,  the  single  graphitic 
surface.  The  maximum  value  of  2 is  reached  when  the  pore  width  is  equal  to 
the  diameter  of  the  adsorbing  molecule(d  = ro).  Figure  2.3  shows  the 
calcualted  adsorption  potential  weUs  for  three  molecular  diameter  to  pore 
width  ratios  (z/ro).  The  value  of  z/ro  is  relative  to  the  position  (z)  of  the 
molecule  between  the  pore  walls  and  the  radius  of  the  molecule  (ro).  The 
value  of  d/ro  is  relates  the  width  of  the  pore  (d)  to  the  radius  of  the  molecule 
(ro).  Figure  2.3a  shows  the  case  for  a z/ro  of  1.6.  Two  distinct  minima  are 
observed,  one  associated  with  each  wall  of  the  pore.  As  the  width  of  the  pore 
decreases.  Figure  2.3b,  the  two  minima  begin  to  coalesce,  showing  the 
addition  of  the  potentials  from  each  of  the  pore  walls  (z/ro  = 1.2).  The  final 


30 


Figure  2.2;  The  variance  of  adsorption  potential  with  respect  to  pore  width 
and  adsorptive  radius.  E2  is  the  potential  energy  for  two  parallel  single 
graphitic  planes,  Ei  is  the  energy  for  a single  graphitic  plane,  d is  H the 
distance  between  the  graphitic  planes,  and  ro  is  the  radius  of  the  adsorptive. 
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case,  Figure  2.3c,  occurs  when  the  pore  width  corresponds  to  the  diameter  of 
the  adsorptive  molecule.  The  minimum  of  the  resulting  potential  well 
indicates  the  maximum  addition  of  the  two  individual  potentials.  These 
values  roughly  correspond  to  the  assignment  of  the  three  Processes  for  the 
ME  A shown  in  Figure  2.4. 

Definition  of  the  MEA 

Further  examination  of  Figure  2.2  shows  two  regions  with  distinct  slopes, 
points  A and  B,  and  a transition  region  of  a gradually  changing  slope  in 
between.  Each  of  these  regions  represents  a group  of  pores  with  similar 
adsorption  characteristics,  which  is  attributed  to  pore  width.  Adsorption  into 
these  regions  is  defined  in  the  MEA  as  a Process.  A formal  definition  of  a 
Process  is  adsorption  within  a group  of  pores  that  are  so  similar  in  character 
that  the  group  cannot  be  divided  into  smaller  groups.  In  the  MEA,  each 
Process  is  described  by  an  equihbrium  constant  for  adsorption  (K)  and  an 
associated  specific  capacity  (n).  The  capacity  is  an  intrinsic  property  of  the 
sohd  and  is  a measure  of  the  number  of  molecules  that  can  be  adsorbed  into 
the  pores  describing  a given  Process.  The  mathematical  form  of  the  model  is 
given  in  Equation  2.3.  Again,  the  capacity  for  each  Process  i,  is  described  by 


N 


tot 


I 

i 


(2.3) 


m,  Ki  is  the  associated  equihbrium  constant.  Peg  is  the  equihbrium  pressure  of 
the  adsorptive  over  the  sohd  given  in  atmospheres,  and  Ntot  is  the  total 
amount,  in  moles  g i sohd,  of  adsorptive  adsorbed  (adsorbate)  at  Peg.  The 
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Figure  2.3;  Potential  wells  corresponding  to  d/ro  values  of  1.6,  1.2,  and  1.0, 
respectively. 
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Fi^re  2.4;  Representations  of  the  adsorption  Processes  described  in  the  text: 
a.)  Process  I,  b.)  Process  II,  and  c.)  Process  III. 
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number  of  Processes,  i,  is  the  minimum  number  necessary  to  fit  the  data  to 
within  experimental  error.  For  all  of  the  carbons  and  adsorptives  studied  to 
date,  an  i = 3 has  been  found  to  fit  the  data.  The  equifibrium  constants 
effectively  describe  the  extent  to  which  a particular  pore  size  fills  at  a given 
temperature.  Thus,  raising  the  temperature  of  the  adsorption  experiment 
results  in  less  of  the  adsorptive  being  adsorbed.  The  m's,  however,  should  not 
vary  significantly  with  temperature  as  they  represent  the  adsorption 
maximum  for  the  individual  adsorption  Processes. 

Equation  2.3  is  similar  in  form  to  the  Langmuir  equation  but  is 
conceptually  very  different  [84-87].  Adsorption  sites,  as  defined  by 

Langmuir,  are  replaced  by  the  accessible  pore  volumes  for  each  of  the 
individual  Processes.  With  this  in  mind,  the  equifibrium  constants  for 
physisorption  are,  in  effect,  distribution  coefficients  involving  the  gaseous 
adsorptive  in  equifibrium  with  adsorbed  molecules  within  the  pores  of  the 
solid.  The  pores  with  molecular  dimensions  are  filled  first  (they  have  the 
largest  K’s),  but  all  Processes  occur  simultaneously.  Additional  neighbor 
interactions  are  expected  as  the  capacity  for  each  Process  is  reached  and 
contribute  to  the  total  interaction  observed  for  each  Process.  From  this  point 
forward  the  term  Process  will  be  used  to  describe  adsorption  occuring  within 
a specific  pore  size  regime  as  opposed  to  adsorption  by  a specific  type  of 


surface  site. 
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The  question  arises  “what  are  resolvable  Processes?”  For  the  resolution  of 
two  Processes,  the  K’s  must  be  approximately  an  order  of  magnitude  different 
[87].  For  the  carbons  used  in  this  study,  and  in  the  two  previous  studies, 
three  Processes  were  found  in  all  cases.  Process  I has  been  defined  as 
adsorption  in  pores  ~1  to  1.2  molecular  diameters  in  width.  Figure  2.4a. 
Process  II  occurs  in  pores  ~1.2  to  1.5  molecular  diameters  while  Process  III  is 
defined  as  adsorption  into  pores  from  ~1.5  to  2 molecular  diameters  in  width. 
Figures  2.4b  and  c,  respectively.  These  assignments  reflect  the  regions  where 
the  slope  changes  rapidly  in  Figure  2.2,  points  A and  B (Process  I from  d/ro  = 
1 to  A,  Process  II  from  A to  B,  and  Process  III  from  B to  d/ro  = 2). 

In  the  case  of  a three  Process  system,  that  is,  three  average  pore  size 
regimes  for  a given  adsorptive/sohd  system,  solving  for  the  six  unknowns, 
three  K’s  and  three  n’s,  in  Equation  2.3  using  a single  experimental  isotherm 
leads  to  a shallow  minimum  in  the  data  fit  and  uncertainty  in  the  parameters 
[88,89].  A better  minimum  is  reached  using  isotherms  collected  at  a series  of 
different  temperatures  and  solving  all  of  the  data  sets  simultaneously.  The 
only  new  unknowns  added  to  the  system  at  each  new  temperature  are  the 
new  K’s.  In  the  MEA,  it  is  assumed  that  the  n values,  hke  sohd  and  liquid 
densities,  are  for  practical  purposes  temperature  independent  as  they 
represent  a sohd’s  maximum  capacity  (saturation  hmit)  for  each  Process  and, 
as  such,  the  same  set  apphes  to  a given  adsorptive/sohd  system  at  each 
different  temperature.  Using  the  three  Process  example  again,  the  6:1  ratio 
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of  unknowns  to  isotherms  becomes  9:2  for  two  isotherms,  12:3  for  three,  15:4 
for  four,  etc.  The  smaller  ratio  of  unknowns  to  experimental  isotherms  leads 
to  a better  definition  of  the  minimum  in  the  analysis  of  the  combined  data 
set. 

As  with  all  of  the  current  methods  available  for  the  analysis  of  adsorption 
data,  the  multiple  equihbrium  analysis  rehes  on,  and  produces,  an  excellent 
empirical  fit  of  the  experimental  data.  However,  a new  model  wfil  be 
significant  only  if  the  parameters  obtained  from  the  fit  of  data  involving 
different  adsorptives  and  adsorbents  have  meaning  within  the  context  of  the 
model  and  offer  new  insights  concerning  adsorption.  The  direct 
thermodynamic  basis  for  the  parameters  of  the  MEA  suggests  these 
advantages  if  it  can  be  demonstrated  that  the  data  fit  provides  meaningful 
results,  which  will  be  addressed  later  in  this  chapter. 

Information  Provided  by  the  MEA 

Of  course,  the  adsorption  of  a single  t5q)e  of  molecule  cannot  effectively 
describe  the  porosity  of  a sohd.  Multiple  adsorptive  molecules,  differing  in 
size,  polarizabihty,  and  polarity,  should  be  used.  The  differently  sized 
adsorptives  will  utihze  different  pores  in  each  sohd  and  allow  the  definition  of 
the  Processes  relative  to  the  size  of  the  adsorptive  used. 

The  Process  capacities  (m’s)  are  used  with  each  adsorptive’s  molar  volume 
to  provide  an  estimate  of  the  accessible  pore  volume  for  different  adsorptives 
that  can  be  compared  to  the  those  determined  from  conventional  N2 
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porosimetry  techniques.  Additionally,  these  capacities  and  the  adsorptives’ 
cross-sectional  areas  can  be  used  to  calculate  accessible  surface  areas  for 
different  size  adsorptives  for  each  resolved  Process.  These  areas  are 
compared  and  contrasted  to  the  N2  BET  areas  which  are  known  to  be 
unreahstic  for  microporous  sohds  [1]. 

The  temperature  dependence  of  K can  be  exploited  to  determine 
thermodynamic  quantities  for  each  adsorption  Process,  namely  the  enthalpy 
and  entropy  of  adsorption.  The  -AG  and  -AH  values  for  adsorption  will  be 
shown  to  correlate  to  molecular  properties  of  the  adsorptives,  which  leads  to  a 
characterization  of  the  dispersion  characteristics  of  the  adsorbents.  The 
success  of  these  correlations  indicates  that  the  parameters  obtained  from  the 
data  fits  have  the  thermodynamic  meaning  imphed  by  the  model  employed. 
A long  range  goal  of  isotherm  modeling  is  the  prediction  of  adsorption 
isotherms  from  fundamental  properties  and  the  potential  use  of  the  ME  A 
model  to  predict  isotherms  is  discussed.  Finally,  the  information  offered  by 
ME  A allows  the  direct  comparison  of  different  carbon  materials  in  terms  of 
their  porosity  and  allows  one  to  draw  conclusions  as  to  what  makes  these 
materials  different  and  what  is  significant  about  those  differences. 

Experimental  Isotherms 
Adsorbents  and  Adsorptives 

Five  commercially  available  carbonaceous  adsorbents  were  chosen  for  this 
study.  The  adsorbents  A563,  A572,  and  A600  are  made  via  the  controlled 


38 


pyrolysis  of  a polysulfonated  polystyrene  resin  and  were  obtained  from  Rohm 
and  Haas  Co.  BPL  4x10  and  Filtrasorb  300  8x30  are  coal  derived  materials 
donated  by  Calgon  Carbon  Co.  The  N2  (99.99%)  was  obtained  from  Liquid 
Air,  Inc.,  while  CO,  CH4,  and  C2H6  were  purchased  from  Matheson  Gas  Co. 
SFe  was  purchased  from  Aldrich.  AU  gases  were  used  as  received.  Physical 
characteristics  of  the  adsorptives  and  carbons  are  given  in  Tables  2.1  and  2.2, 
respectively. 

Adsorption  Measurements 

All  of  the  reported  adsorption  data  was  collected  using  a Micromeritics® 
ASAP  2000  system  with  both  chemisorption  and  physisorption  capabihties. 
Pressure  measurements  were  made  using  1000  and  10  torr  pressure 
transducers  with  resolutions  of  0.052  and  0.0005  torr,  respectively.  AU 
measurements  were  taken  with  the  instrument  operating  in  the 
chemisorption  mode  except  for  N2  porosimetry  measurements  at  77K,  which 
were  taken  in  the  physisorption  mode.  The  differences  between  these  two 
modes  hes  in  the  data  coUection  software. 

Approximately  0.3g  of  sample  were  used  for  each  experiment.  The  sample 
was  degassed  at  200°C  under  vacuum,  <10'^  torr,  for  at  least  8 hours  prior  to 
the  adsorption  experiment.  Each  experiment  consisted  of  the  coUection  of  36- 
50  adsorption  points  covering  the  pressure  range  from  1 to  760  torr  with  the 
majority  of  the  points  taken  below  100  torr.  An  example  of  a typical  pressure 
table  can  be  found  in  Appendix  A.  To  prevent  the  possibUity  of  capiUary 
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condensation,  all  experiments  were  run  at  temperatures  above  the  critical 
temperature  of  the  given  adsorptive.  Temperatures  below  ambient  were 
maintained  using  an  appropriate  solvent-  hquid  nitrogen  slurry. 
Temperatures  above  ambient  were  maintained  using  the  heating  mantle  and 
thermocouple  provided  with  the  ASAP  instrument.  AU  temperatures  were 
held  to  within  1°C  of  the  reported  values.  All  of  the  adsorption  data  used  in 
this  dissertation  may  be  found  in  Appendix  A. 

Data  Analysis 

Fitting  the  collected  data  with  the  MEA  is  accomphshed  through  a series 
of  steps.  The  raw  adsorption  data  is  in  the  form  of  volume  adsorbed  in  cc  g i 
at  STP  and  equOibrium  pressure  in  torr.  The  data  is  converted  to  moles 
adsorbed  per  gram  assuming  an  ideal  gas  at  STP,  by  dividing  the  volume 
adsorbed  by  22,414  cc  mole-i  gas.  The  equilibrium  pressure  is  converted  to 
atmospheres  by  dividing  by  760  torr.  A plot  of  Peq-moles  adsorbed'^  versus  Peq 
is  constructed  for  each  temperature  set  (the  Langmuir  Isotherm).  Each 
Langmuir  Isotherm  is  then  divided  into  several  straight-hne  regions, 
generally  3 for  carbons  and  2 for  zeohtes  and  porous  silicas.  An  initial 
estimate  of  n is  calculated  from  the  slope  of  the  hne  with  K taken  from  the 
intercept  in  each  region.  The  slope  and  intercept  are  determined  from  a 
hnear  regression  of  the  points  in  each  region.  The  lowest  pressure  region  is 
associated  with  Process  I,  the  next  with  Process  II,  continuing  until  the 
minimum  number  of  straight-hne  regions  is  used  to  fit  the  entire  isotherm. 
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Only  one  set  of  n-values  is  needed  for  the  fit  since  the  n's  are  temperature 
independent.  The  initial  value  of  ns  is  taken  from  the  temperature  set  closest 
to  the  critical  temperature  of  the  adsorptive.  The  value  for  U2  is  taken  from 
either  the  same  temperature  set  as  ns  or  the  next  highest,  and  m from  the 
highest  temperature  set.  It  is  at  these  temperatures  that  each  quantity  is 
the  best  defined.  The  initial  parameter  set  then  contains  one  set  of  n- values 
and  a set  of  K-values  for  each  temperature.  For  the  initial  fit,  each 
parameter  is  given  a 10%  bound  and  all  of  the  temperature  sets  for  a specific 
adsorptive/solid  system  are  fit  simultaneously.  In  successive  fits,  the  bound 
is  reduced  to  1%  of  the  parameter.  The  parameters  obtained  from  the  initial 
fit  are  then  entered  as  the  initial  parameters  for  the  next  fit.  The  parameters 
from  the  second  fit  are  then  entered  into  the  third  fit  and  each  successive  fit 
is  done  accordingly.  This  procedure  is  used  since  several  local  minima  are 
found  during  the  first  few  fits  and,  therefore,  the  fitting  Process  is  not 
assumed  to  be  complete  until  all  of  the  parameters  cease  to  vary  from  fit  to 
fit. 

The  MEA  fitting  program  produces  a nonlinear  least-squares  regression  of 
the  data  using  a modified  simplex  algorithm  [92-94].  The  advantage  of  the 
MEA  program  is  that  multiple  data  sets  that  share  parameters  (the  m’s)  may 
be  fit  simultaneously.  The  Fortran  code  for  the  fitting  program  and  an 
example  input  file  are  included  in  Appendix  B. 
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The  enthalpy  and  entropy  of  adsorption  are  calculated  from  the  slope  and 
intercept,  respectively,  obtained  from  the  weighted  least-squares  regression 
of  In  Ki  versus  T-i  plots  of  the  best-fit  parameters.  A typical  plot  is  shown  in 
Figure  2.5.  A weighting  factor  of  K^/ok^  is  typical  for  a weighted  regression 
involving  a natural  logarithm  function. 

The  MEA  Parameters 

The  results  of  the  MEA  for  the  adsorptives  and  sohds  studied,  fisted  in 
Tables  2.1  and  2.2,  respectively,  are  presented  in  Table  2.3.  All  references  to 
MEA  parameters  are  to  this  table.  The  uncertainties  are  determined  by  the 
regression  program  used  to  fit  the  model  to  the  data.  Figure  2.6  shows 
examples  of  experimental  adsorption  isotherms  along  with  the  isotherms 
calculated  using  the  associated  MEA  parameters  and  Equation  2.3.  All 
analyses  produce  excellent  fits  of  the  experimental  data. 

The  temperature  dependence  of  typical  adsorption  isotherms  is  shown  in 
Figure  2.7  for  SFe  adsorption  by  A572.  Again,  in  the  MEA,  the  temperature 
dependence  is  directly  attributed  to  the  Ki's  describing  the  adsorption.  Using 
the  MEA  parameters  it  is  possible  to  to  calculate  the  Process  resolved 
isotherms.  Shown  in  Figure  2.8  is  methane  adsorption  by  A572  at  -43*’C. 
Plots  such  as  this  show  the  contribution  of  each  Process  to  the  total 
adsorption  as  a function  of  pressure  and  may  be  useful  for  predicting  break- 
through pressures  for  specific  separations 
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Table  2.1:  Summary  of  Gases  and  Physical  Properties.  ® 


Adsorptive 

N2 

CO 

CH4 

C2H6 

SFe 

MW 

gmole'i 

28.01 

28.01 

16.04 

30.07 

146.05 

van  der  Waals 
a 

1.35 

1.453 

2.27 

5.503 

7.775 

a 

O 

A3 

1.74 

1.95 

2.59 

4.47 

6.54 

Molar  Volume 
mlmole'i 

25.02 

28.28 

29.74 

47.21 

77.04 

Tnbp 

°C 

-195.8 

-191.5 

-161.5 

-88.65 

-63.8 

Tc 

°C 

-146.9 

-140.2 

-82.6 

32.3 

45.6 

AHv 

kcalmole-i 

1.33 

1.44 

1.95 

3.52 

4.08 

ASv 

calmole-i-K-i 

17.22 

17.67 

17.6 

19 

19.5 

AHnpd 

kcalmole-i 

2.39 

2.5 

3.11 

4.78 

5.67 

Molecular  Area 

A2c 

15.27 

15.77 

16.26 

24.01 

31.17 

a.  All  data  is  from  Lange’s  Handbook  of  Chemistry,  13*^  ed.;  Dean,  J.A,  Ed.; 
McGraw-Hill:  New  York,  1985  unless  otherwise  specified. 

b.  Calculated  from  the  critical  constants  of  the  adsorptives  [91]. 

c.  Reference  [90] . 

d.  AH  for  adsorption  on  a nonporous  carbon  [58].  The  SFg  value  is  calculated 
from  a plot  of  AHnp  versus  a^'^ 
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Table  2.2:  Physical  Properties  of  the  Adsorbents.  « 


Sohd 

BET 

surface  area 

(m2g-l)b 

Micropore 

Area 

(m2.g-i)c 

Total  Pore 
Volume 
(mLg-i)'^ 

Micropore 

Volume 

(mLg-i)'^ 

% V„,A^t 

Ave.  Pore 
Diameter 

0 

(A) 

A563 

625 

563 

0.6515 

0.2266 

34.78 

41.72 

A572 

1180 

1095 

0.9656 

0.4346 

45.01 

32.73 

A600 

623 

564 

0.6015 

0.2268 

37.71 

38.61 

BPL 

1080 

1066 

0.4998 

0.4656 

93.16 

18.51 

F300 

953 

905 

0.4948 

0.3939 

79.61 

20.76 

a.  Calculations  based  on  the  N2  adsorption  isotherm  collected  at  77K. 

b.  Surface  area  is  based  on  a 5-point  BET  calculation 

c.  Calculated  using  the  Harkins-Jura  t-plot 

d.  Total  pore  volume  at  the  highest  measured  pressure. 
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Table  2.3:  MEA  Adsorption  Parameters  (n-values  are  in  mmole  g O- 


Nitrogen 

T(°C) 

K 

I 

value  for  Proce 
II 

ss 

III 

A563  -93 

70±1 

11.7±0.2 

1.1±0.1 

-62 

10.64±0.05 

1.96±0.01 

0.258±0.007 

-43 

4.21±0.02 

0.881±0.004 

0.128±0.003 

n 

0.316±0.003 

1.36±0.02 

2.3±0.2 

A572  -93 

88.22±0.02 

8.631±0.005 

0.752±0.002 

-43 

4.54±0.01 

0.72±0.02 

0.111±0.008 

0 

0.922±0.002 

0.1381±0.0005 

0.0456±0.0002 

n 

0.463±0.003 

1.79±0.04 

5.3±0.2 

A600  -93 

90.2±0.02 

11.88±0.06 

1.12±0.04 

-62 

10.92±0.07 

1.92±0.01 

0.23±0.01 

-43 

4.51±0.06 

0.85±0.01 

0.118±0.008 

n 

0.349^0.003 

1.39±0.02 

2.3±0.1 

BPL  -93 

115.6±0.4 

12.56±0.09 

0.92±0.02 

-62 

13.34±0.06 

1.93±0.01 

0.209±0.003 

-43 

5.44±0.03 

0.905±0.006 

0.119±0.001 

n 

0.209±0.001 

0.990±0.007 

4.92±0.08 

F300  -93 

128.6±0.5 

13.9±0.1 

1.07±0.03 

-62 

16.4±0.1 

2.31±0.03 

0.286±0.007 

-43 

6.51±0.05 

1.08±0.01 

0.162±0.003 

n 

0.231±0.002 

0.97±0.01 

3.73±0.09 
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Table  2.3:  MEA  Adsorption  Parameters  (cont.). 


Carbon  Monoxide 
T(°C) 

K 

I 

value  for  Proce 
II 

ss 

III 

A563  -93 

310±4 

29±1 

1.7±0.5 

-62 

20.6±0.5 

4.9±0.2 

0.61±0.07 

-43 

7.91±0.04 

1.96±0.01 

0.287±0.006 

n 

0.342±0.007 

1.06±0.03 

2.5±0.5 

A572  -93 

219.U0.9 

18.0±0.3 

1.3±0.1 

-62 

24.0±0.6 

2.9±0.2 

0.33±0.08 

-43 

8.9±0.1 

1.26±0.04 

0.16±0.01 

n 

0.58±0.01 

1.92±0.08 

4.9±0.7 

A600  -93 

189±1 

20.0±0.6 

1.7±0.4 

-62 

17.5±0.4 

3.1±0.2 

0.42±0.09 

-43 

6.35±0.03 

1.26±0.01 

0.193±0.007 

n 

0.537±0.008 

1.28±0.05 

2.2±0.4 

BPL  -93 

189.4±0.8 

13.8±0.2 

0.93±0.05 

-62 

22.1±0.5 

2.5±0.1 

0.24±0.04 

-43 

8.42±0.08 

1.09±0.02 

0.128±0.006 

n 

0.334±0.006 

1.25±0.05 

5.0±0.5 

F300  -93 

305.2±0.9 

30.8±0.2 

1.88±0.06 

-62 

32.1±0.5 

4.2±0.1 

0.45±0.03 

-43 

12.3±0.2 

1.9U0.05 

0.24±0.01 

n 

0.252±0.005 

0.96±0.02 

3.8±0.2 
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Table  2.3:  MEA  Adsorption  Parameters  (cont.). 


Methane 

T(°C) 

K 

I 

value  for  Proce 
II 

ss 

III 

A563  -62 

150.6±0.9 

17.1±0.3 

1.4±0.2 

-43 

47.4±0.5 

6.2±0.1 

0.6±0.1 

-16 

10.8±0.1 

1.69±0.04 

0.17±0.03 

n 

0.514±0.006 

1.68±0.04 

2.1±0.4 

A572  -62 

125.2±0.9 

10.5±0.3 

l.liO.l 

-43 

28.0±0.3 

3.2±0.1 

0.38±0.05 

0 

4.63±0.02 

0.679±0.006 

0.117±0.002 

n 

0.775±0.009 

2.20±0.07 

5.4±0.6 

A600  -62 

170.6±0.6 

17.5±0.2 

1.3±0.1 

-43 

56.5±0.7 

5.5±0.2 

0.5±0.2 

-16 

11.8±0.1 

1.75±0.04 

0.16±0.03 

n 

0.499^0.006 

1. 71±0.04 

2.0±0.5 

BPL  -62 

142±1 

13.0±0.3 

0.95±0.07 

-43 

50.7±0.7 

5.0±0.2 

0.51±0.04 

-16 

11.8±0.3 

1.48±0.08 

0.20±0.02 

n 

0.348±0.007 

1.29±0.05 

5.7±0.5 

F300  -62 

188.7±0.3 

16.04±0.08 

1.13±0.02 

-43 

60.3±0.8 

6.1±0.2 

0.52±0.06 

-16 

14.2±0.3 

1.76±0.07 

0.20±0.02 

n 

0.332±0.005 

1.27±0.04 

4.5±0.4 
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Table  2.3:  MEA  Adsorption  Parameters  (cont.). 


Ethane 

T(°C) 

K 

I 

value  for  Proce 
II 

ss 

III 

A563  40 

78.3±0.2 

11.04±0.06 

1.13±0.05 

55 

37.9±0.4 

6.0±0.1 

0.7±0.1 

70 

19.2±0.8 

3.5±0.2 

0.4±0.2 

100 

8.80±0.06 

1.54±0.02 

0.17±0.02 

n 

0.329±0.008 

1.08±0.04 

1.3±0.4 

A572  40 

176.9±0.6 

15.0±0.1 

1.35±0.05 

55 

74.1±1 

7.6±0.2 

0.75±0.09 

70 

42.0±0.4 

4.82±0.09 

0.53±0.03 

100 

13.9±0.3 

1.88±0.07 

0.23±0.03 

n 

0.318±0.005 

1.42±0.04 

3.7±0.3 

A600  40 

117.2±0.6 

13.7±0.1 

1.2±0.1 

55 

56.8±0.4 

7.8±0.1 

0.70±0.08 

70 

30.7±0.2 

4.63±0.06 

0.44±0.05 

100 

ll.liO.l 

1.76±0.03 

0.17±0.02 

n 

0.272±0.003 

1.10±0.01 

1.3±0.1 

BPL  40 

92.4±0.9 

9.7±0.2 

0.72±0.04 

55 

50.3±0.5 

5.8±0.1 

0.49±0.2 

70 

28.2±0.3 

3.10±0.08 

0.33±0.02 

100 

13.4±0.1 

1.86±0.03 

0.244±0.007 

n 

0.193±0.003 

0.84±0.02 

4.0±0.2 

F300  40 

141.8±0.4 

13.3±0.1 

1.01±0.03 

55 

72.6±0.2 

7.41±0.05 

0.66±0.01 

70 

40.1±0.5 

4.6±0.1 

0.43±0.03 

100 

15.4±0.3 

2.05±0.07 

0.22±0.02 

n 

0.199±0.003 

0.87±0.02 

3.3±0.2 
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Table  2.3:  MEA  Adsorption  Parameters  (cont.). 


Sulfur  Hexafluoride 
T(°C) 

K 

I 

value  for  Proce 

II 

ss 

III 

A563  50 

97±1 

11.6±0.2 

1.0±0.2 

65 

54.2±0.5 

7.24±0.09 

0.63±0.08 

80 

28.8±0.4 

4.43±0.06 

0.39±0.06 

95 

16.6±0.2 

2.77±0.03 

0.24zk0.02 

n 

0.109±0.002 

0.63±0.008 

0.66±0.09 

A572  50 

173.0±0.8 

14.6±0.1 

1.47±0.05 

65 

102.9±0.4 

9.32±0.06 

1.11±0.03 

80 

54.0±0.7 

6.1±0.1 

0.67±0.05 

95 

31.1±0.3 

3.76±0.06 

0.39±0.02 

n 

0.165±0.003 

1.00±0.01 

2.5±0.1 

A600  50 

161±2 

13.4±0.2 

l.liO.l 

65 

65±l 

8.8±0.1 

0.77±0.08 

80 

44.9±0.5 

5.91±0.06 

0.53±0.04 

95 

29.7±0.3 

3.82±0.03 

0.37±0.02 

n 

0.055±0.002 

0.529i0.006 

0.71±0.07 

BPL  50 

149.0±0.3 

12.4±0.04 

0.963±0.009 

65 

71.1±0.5 

6.68±0.08 

0.62±0.02 

80 

38.7±0.9 

4.6±0.1 

0.4U0.03 

95 

24.0±0.5 

3.26±0.07 

0.29±0.02 

n 

0.110±0.002 

0.73±0.01 

3.2±0.2 

F300  50 

138.7±0.3 

11.58±0.06 

1.05±0.02 

65 

68.5±0.8 

7.0±0.1 

0.63±0.04 

80 

41.3±0.3 

4.30±0.05 

0.49±0.01 

95 

23.1±0.7 

3.1±0.1 

0.33±0.04 

n 

0.128±0.003 

0.69±0.02 

2.4±0.2 

InK, 
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Figure  2.5:  InKi  versus  T-i(K)  for  methane  adsorption  by  BPL. 
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Figure  2.6:  Isotherms  for  the  adsorption  of  N2,  CO,  and  CH4  hy  A572  at  - 
62°C.  Points  represent  experimental  adsorption  values,  O for  N2  adsorption, 
□ for  CO  adsorption,  and  A for  CH4  adsorption,  while  the  sohd  and  dashed 
hnes  represent  the  calculated  isotherms  using  the  n and  K values  in  Table 
2.3  with  Equation  2.3. 


moles  ads.  ■ g solid 
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Equilibrium  Pressure  (atm) 

Figure  2.7;  SFe  adsorption  by  A572. 
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Equilibrium  Pressure  (atm) 


Fi^re  2.8:  Process  resolved  adsorption  for  CH4  by  A572  at  -43°C.  The  points 
represent  the  experimental  adsorption  values  and  the  soHd  line  calculated 
values.  The  component  isotherms,  labeled  I,  II,  and  III  for  Processes  I-III, 
are  calculated  using  the  m and  Ki  values  from  Table  2.3  with  Equation2.3. 
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The  Meaning  of  the  MEA  Parameters 

As  mentioned  previously,  an  adsorption  model  will  be  significant  only  if 
the  parameters  obtained  have  meaning  within  the  context  of  the  model  and  if 
the  model  offers  new  insights  concerning  adsorption.  In  the  case  of  the  MEA, 
questions  concerning  the  meaning  of  the  parameters  {m  and  Ki)  have  been 
raised.  Specifically,  the  concern  is  that  the  parameters  are  merely  empirical 
fitting  parameters  without  physical  meaning  [88].  Although  the  MEA  rehes 
on  an  empirical  fit  of  experimental  adsorption  data,  the  parameters  have 
been  patterned  after  those  of  the  Langmuir  equation,  which  are  true 
thermodynamic  parameters  [1].  The  sensitivity  of  m and  Ki  will  be  addressed 
using  Monte  Carlo  Simulations. 

Another  serious  question  raised  concerning  the  MEA  is  that  it  artificially 
divides  a given  pore  size  distribution  (PSD)  into  smaller,  unrealistic  regions. 
An  argument  such  as  this  may  be  valid  if  a continuous  PSD  was  concerned, 
however,  most  activated  carbons  and  carbon  molecular  sieves  have  varied 
distributions  that  depend  on  the  precursor  material  and  its  successive 
treatments  [31,32].  To  show  that  the  MEA  does  not  result  in  the  creation  of 
unrealistic  pore  size  regions,  simidated  adsorption  data  based  on  a model 
microporous  solid  with  a continuous  distribution  of  pore  sizes  were  analyzed 


using  the  MEA. 
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Simulated  Adsorption  Isotherms 

Simulated  adsorption  data.  Adsorption  data  were  generated  by  using 
a series  of  m and  Ki  values  with  a set  of  equilibrium  pressures  and  Equation 
2.3.  The  worst-case  scenario,  with  respect  to  the  MEA,  would  he  an  even 
distrihution  of  pore  sizes  consisting  of  an  equal  number  of  pores  in  each  pore 
size  region,  that  is,  all  m values  are  equal.  In  this  case,  the  m values  were 
arbitrarily  set  to  1 millimole.  Since  -AHi  and  -ASi  should  not  vary 
significantly  over  the  temperature  ranges  studied,  it  is  possible  to  calculate 
Ki  values  using  Equation  2.4.  A continuum  was  estimated  by  setting  i equal 


In^. 


- A//,  AA, 
RT  R 


(2.4) 


to  10.  The  slope  in  Equation  2.4  (-AHi  / R)  was  varied  such  that  the 
difference  between  -AHi  and  -AHi+i  was  0.5  Kcal  mole  ^ starting  with  a value 
of  6.46  Kcal  mole-i  for  -AHi.  In  the  analysis  of  methane  adsorption  by  BPL,  it 
was  observed  that  -ASi  decreased  Linearly  with  i so  the  ASi  used  followed  this 
trend.  The  value  used  for  ASi  was  -18.42  cal  mole-i-K-i  with  the  remaining 
values  incremented  by  +0.40  cal  mole'^  K L The  choice  of  starting  values 
determines  the  “width”  between  successive  pore  size  regimes.  A difference 
between  -AHi  values  of  less  than  0.5  Kcal  mole-*  and  an  i greater  than  ~10 
would  require  more  computing  power  than  available  and  should  not  yield,  for 
the  purpose  of  this  study,  significantly  different  results. 

Analysis  of  simulated  data.  To  reiterate,  each  Process  obtained  from 
the  MEA  refers  to  a distribution  of  pore  sizes  with  Ki’s  so  close  in  magnitude 
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that  the  accuracy  of  the  experimental  measurements  preclude  further 
resolution.  The  concern  is  that  the  MEA  arbitrarily  breaks-up  a continuous 
pore  size  distribution  (PSD)  with  varying  binding  affinities  into  two  or  three 
groups  of  pores.  When  the  simulated  adsorption  data  was  arbitrarily  spht 
into  larger  regions  (fit  to  a smaller  number  of  Processes  than  were  used  to 
generate  the  data)  errors  resulted  in  the  m’s  of  the  latter  Processes  that  were 
greater  than  the  actual  value  of  the  parameter.  Large  errors  resulted  even 
when  eight  Processes  were  used  to  fit  the  data  generated  from  the  ten 
Process  assumption. 

Large  errors  were  also  encountered  in  the  data  points,  especially  the  low- 
pressure  points  in  the  higher  temperature  data  sets  resulting  in  unacceptable 
standard  deviations  in  the  Process  I parameters.  Since  similar  behavior  is 
not  observed  in  the  fits  of  the  experimental  data,  it  suggests  that  these  solids 
do  not  have  continuous  PSDs,  but  instead  consist  of  discrete  regions 
separated  by  gaps  that  are  resolvable  by  the  MEA.  The  gaps  in  the 
distribution  could  consist  of  a very  small  number  of  intermediate  pore  sizes. 
A solid  with  a true  continuous  PSD  would  require  a large  number  of 
Processes  to  obtain  a satisfactory  fit  of  the  experimental  data,  which  has  not 
been  observed  in  any  of  our  studies  to  date. 

A conclusion  that  may  be  drawn  from  the  analysis  of  the  simulated 
adsorption  data  is  that  the  MEA  does  not  arbitrarily  divide  a continuous 
PSD.  In  fact,  for  a heterogeneous  distribution  as  is  observed  in  most 
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activated  carbon  materials,  it  is  possible  to  resolve  discontinuities  in  the 
distribution. 

Monte  Carlo  Simulation  and  Sensitivity  Analysis 

Also  of  concern  was  the  sensitivity  of  the  calculated  moles  adsorbed  to  the 
errors  in  the  parameters  used  to  calculate  these  values.  The  following 
discussion  is  based  on  the  results  of  several  Monte  Carlo  simulations 
involving  the  MEA. 

Simulations.  AU  simulations  were  run  using  Crystal  Ball®  version  4.0c 
(Decisioneering,  Inc.,  Denver,  CO),  a forecasting  and  risk  analysis  plug-in  for 
Microsoft  Excel.  Each  simulation  was  run  by  first  creating  an  appropriate 
model  in  an  Excel  worksheet  (each  model  will  be  described  in  the  appropriate 
section).  It  was  assumed  that  the  variable  parameters  used  in  the  models 
had  errors  that  were  normally  distributed.  The  error  limits  used  were  either 
those  from  an  associated  MEA  or  a fixed  percentage  of  the  parameter  values 
used.  The  hmits  in  computational  speed  and  available  computer  memory, 
required  that  simulations  be  limited  to  100,000  individual  calculations,  which 
should  be  sufficient  for  the  purpose  of  the  following  discussion. 

Sensitivity  of  K.  The  first  set  of  simulations  involved  the  sensitivity  of 
InKi  (or  AGi)  to  changes  in  AHi  and  ASi,  Table  2.4.  The  spreadsheet  model 
calculated  hiKi  values  from  given  values  of  AHi  and  ASi,  in  cal  mole  ^ and 
cal  mole-^  K-i,  respectively,  and  temperatures  in  K.  Simulations  were  run 
using  the  values  for  AHi  and  ASi  (and  their  associated  errors)  obtained  from 


57 


Table  2.4:  Sensitivity  Analysis  for  Methane  Adsorption  by  F300  measured  as 
percent  (%)  contribution  to  the  variance  in  the  free  energy  (AG)  using  the 
experimental  errors  in  AHi  and  ASi. 


Parameter  Error 

experimental 

5% 

10% 

25% 

Process  (°C) 

AH 

AS 

AH 

AS 

AH 

AS 

AH 

AS 

I (-82) 

52.7 

47.3 

76.2 

23.8 

76.0 

24.0 

76.2 

23.8 

(-62) 

47.3 

52.7 

72.1 

27.8 

71.9 

28.1 

72.1 

27.9 

(-43) 

42.8 

57.2 

68.4 

31.6 

68.2 

31.8 

68.3 

31.7 

(-16) 

37.2 

62.8 

63.2 

36.8 

63.0 

37.0 

63.1 

36.9 

II  (-82) 

57.6 

42.4 

67.5 

32.5 

67.9 

32.1 

67.2 

32.8 

(-62) 

52.3 

47.7 

62.7 

37.3 

63.0 

37.0 

62.4 

37.6 

(-43) 

47.8 

52.2 

58.4 

41.6 

58.8 

41.2 

58.1 

41.9 

(-16) 

42.0 

58.0 

52.7 

47.3 

53.0 

46.9 

52.3 

47.6 

III  (-82) 

43.0 

1 

57.0 

55.4 

44.6 

55.4 

44.6 

55.3 

44.7 

(-62) 

37.8 

62.2 

50.1 

49.9 

50.0 

50.0 

49.9 

50.1 

(-43) 

33.7 

66.3 

45.6 

54.4 

45.5 

54.5 

45.4 

54.6 

(-16) 

28.7 

71.3 

39.9 

60.1 

39.8 

60.2 

39.7 

60.3 
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the  MEA  of  methane  adsorption  hy  F300.  Simulations  were  also  run  using  5, 
10,  and  25%  errors  for  AHi  and  ASi.  The  temperatures  used  were  -82.6°C  (the 
critical  temperature  of  methane)  and  -62,  -43,  and  -16°C,  which  were 
experimental  temperatures.  As  expected,  the  influence  of  ASi  increases  with 
temperature  and  is  most  influential  in  Process  111.  However,  increased  error 
in  the  parameters  does  not  appear  to  affect  the  total  contribution  to  the 
variance  of  InKi. 

Sensitivity  in  calculation  of  moles  adsorbed.  The  second  set  of 
simulations  was  used  to  investigate  the  sensitivity  of  the  calculated  moles 
adsorbed  , from  Equation  2.3,  to  changes  in  AHi,  ASi,  and  m as  a function  of 
temperature  and  pressure.  Again,  the  assumption  was  made  that  the  errors 
in  AHi,  ASi,  and  m are  normally  distributed  and  their  values  were  taken  from 
the  MEA  of  methane  adsorption  by  F300.  The  errors  from  the  MEA,  and  5 
and  10%  of  the  parameters  were  used  as  errors  in  the  simulations.  The 
spreadsheet  model  consisted  of  using  AHi,  ASi,  and  m with  Equation  2.3  and 
selected  equilibrium  pressure  points  to  calculate  values  for  moles  adsorbed. 
The  parameters  and  pressure  points  used  are  shown  in  Table  2.5. 

Figures  2.10  - 2.13  show  the  percent  contribution  to  the  variance  in  the 
moles  adsorbed  at  -82.6,  -62,  -43,  and  — 16°C,  respectively,  using  the  MEA 
errors  for  AHi,  ASi,  and  m.  At  -82.6°C,  the  low  pressure  region  is  dominated 
by  Process  11  and  the  contribution  of  ns  increases  with  pressure.  Moving  to 
higher  temperatures,  the  influence  of  each  Process  shifts  to  higher  pressure. 
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Table  2.5:  Parameters  determined  for  Methane  Adsorption  by  F300.  AHi, 
ASi,  and  m (and  their  associated  experimental  errors)  are  used  in  the 
simulation  at  the  given  temperature  at  each  pressure. 


Parameter  Values 

T: 

-82.6°C 

i : 

1 

11 

III 

AH,: 

-6000 

-5100 

-4000 

± : 

200 

200 

100 

AS,: 

-18 

-18.8 

-18.9 

± : 

1 

0.9 

0.6 

rii : 

0.000332 

0.00127 

0.0045 

± : 

0.000005 

0.00004 

0.0004 

K, : 

886.55 

55.035 

2.8653 

Equilibrium  Pressure  Points 

PRESSURE 

PRESSURE 

CALC  MOLS 

(mmHg) 

(atm) 

(n/gSTP) 

1.00 

1.31579E-3 

2.81416E-4 

2.00 

2.63158E-3 

4.26731E-4 

3.00 

3.94737E-3 

5.35200E-4 

4.00 

5.26316E-3 

6.25501E-4 

6.00 

7.89474E-3 

7.74702E-4 

8.00 

1.05263E-2 

8.97471E-4 

10.00 

1.31579E-2 

1.00268E-3 

12.00 

1.57895E-2 

1.09512E-3 

14.00 

1.8421  lE-2 

1.17780E-3 

18.00 

2.36842E-2 

1.32153E-3 

22.00 

2.89474E-2 

1.44444E-3 

26.00 

3.42105E-2 

1.55258E-3 

30.00 

3.94737E-2 

1.64970E-3 

40.00 

5.26316E-2 

1.85880E-3 

50.00 

6.57895E-2 

2.03529E-3 

60.00 

7.89474E-2 

2.18986E-3 

80.00 

1.05263E-1 

2.45427E-3 

100.00 

1.31579E-1 

2.67713E-3 

120.00 

1.57895E-1 

2.87029E-3 

150.00 

1.97368E-1 

3.11860E-3 

200.00 

2.63158E-1 

3.45303E-3 

250.00 

3.28947E-1 

3.71782E-3 

300.00 

3.94737E-1 

3.93352E-3 

350.00 

4.60526E-1 

4. 1 1294E-3 

400.00 

5.26316E-1 

4.26468E-3 

450.00 

5.92105E-1 

4.39476E-3 

500.00 

6.57895E-1 

4.50754E-3 

550.00 

7.23684E-1 

4.60628E-3 

600.00 

7.89474E-1 

4.69346E-3 

650.00 

8.55263E-1 

4.77101E-3 

700.00 

9.21053E-1 

4.84045E-3 

750.00 

9.86842E-1 

4.90299E-3 

% Contribution  to  Variance 
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1 10  100  1000 

Pressure  (torr) 


Figure  2.10:  Percent  Contribution  to  Variance  in  moles  adsorbed  versus 
Pressure  for  Methane  Adsorption  by  F300  at  -82.6°C  (experimental  errors  are 
used  for  AHi,  ASi,  and  m in  the  simulation). 


% Contribution  to  Variance 
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Fi^re  2.11:  Same  as  2.10  except  at  -62°C. 


% Contribution  to  Variance 
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Fi^re  2.12:  Same  as  2.10  except  at  -43°C. 


% Contribution  to  Variance 
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Fi^re  2.13:  Same  as  2.10  except  at  -16°C. 
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At  -16°C,  Process  I is  dominate  and  the  influence  of  Process  III  is 
negligible.  Process  I is  best  defined  at  higher  temperatures  while  Process  III 
can  only  sufficiently  defined  by  including  adsorption  data  collected  near  the 
critical  temperature  of  the  adsorptive.  The  analysis  also  suggests  the 
importance  of  each  parameter  for  predicting  the  adsorption  of  a new 
adsorptive  on  a MEA  characterized  sohd.  Specifically,  the  quantities 
associated  with  Processes  II  and  III  are  most  important  at  temperatures 
approaching  the  critical  temperature  of  the  adsorptive.  The  influence  of  the 
Process  I parameters  is  greatest  at  higher  temperatures.  Thus,  an  estimate 
of  model  parameters  must  take  the  temperature  into  account  when  predicting 
adsorption  parameters. 

In  addition  to  the  sensitivity  data,  the  mean  and  standard  deviation  of  the 
calculated  moles  adsorbed  can  be  obtained  from  the  simulations.  Figure  2.9 
shows  the  experimental  and  simulated  adsorption  isotherms  for  methane 
adsorption  by  F300.  The  error  bars  on  the  simulated  isotherm  reflect  the 
standard  deviation  in  the  data  point  as  determined  from  the  simulation.  The 
median  values  for  each  point  are  actually  closer  to  the  experimental  values. 
The  median  values  are  closer  because  the  distribution  in  moles  adsorbed  at 
each  pressure  is  skewed  by  the  natural  logarithm  function  in  the  calculation 
of  K.  This  skewness  increases  with  temperature  but  decreases  with 
increasing  pressure. 


moles  adsorbed  moles  adsorbed 
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Equilibrium  Pressure  (atm) 


Figure  2.9:  Experimental  and  simulated  adsorption  isotherms  for  methane 
adsorption  by  F300.  Points  are  simulated  points  and  hnes  are  experimental 
isotherms. 
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The  significance  of  the  Monte  Carlo  simulations  is  that  it  demonstrates  the 
importance  of  each  of  the  parameter  values  to  the  calculation  of  an 
adsorption  isotherm.  K values  were  modeled  using  AH  and  AS  values 
because  they  wdl  be  predicted  from  the  correlation  of  adsorptive  properties, 
namely  the  van  der  Waals  a constant  to  -AH. 

The  MEA  Surface  Area  and  Pore  Volume 

The  meaning  of  surface  area  has  been  debated  for  some  time.  The  widely 
used  BET  method  has  been  the  standard  for  determining  this  property  of 
adsorbents  and  catalysts  but  its  hmitations  and  efi“ectiveness  have  been 
questioned  since  its  introduction  [1].  A benefit  of  the  MEA  is  that  surface 
areas  and  pore  volumes  with  meaningful  interpretations  can  be  estabhshed. 

The  TiiS  determined  from  the  MEA  are  a direct  measure  of  the  capacity 
(total  maximum  occupancy)  of  the  different  pore  size  regimes  in  a given 
porous  sohd.  As  such,  they  can  be  manipulated  to  represent  meaningful 
surface  areas  and  pore  volumes  once  these  quantities  are  defined.  Surface 
area  is  the  sum  of  the  areas  occupied  by  a molecule  such  that  no  other 
molecule  can  occupy  the  same  space.  It  is  assumed  that  the  orientation  of  the 
molecule  on  the  surface  is  one  that  maximizes  the  dispersion  interaction 
between  the  molecule  and  the  surface,  and  the  area  of  the  surface  measured 
is  that  covered  by  a projection  of  the  dimensions  of  the  adsorptive  molecule  on 
the  surface.  The  MEA  surface  area  represents  the  accessible  area,  which  will 
vary  with  the  adsorptive  used  as  each  uses  a different  set  of  pores.  Since  all 
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adsorption  measurements  were  conducted  above  the  critical  temperature  of 
the  adsorptive,  multilayer  formation  and  capillary  condensation  are  not 
involved  in  the  MEA  Processes  and  a monolayer  condition  is  assumed  within 
the  pores  and  on  the  surfaces  of  the  sohd. 

A problem  one  encounters  when  calculating  surface  areas  and  pore 
volumes  is  in  finding  reahstic  estimates  of  molecular  sizes  and  volumes 
[90,95],  Conflicting  or  missing  hterature  values  of  molecular  sizes  and 
volumes  have  lead  to  the  calculation  of  these  quantities  using  quantum 
mechanics  [90],  When  surface  areas  and  pore  volumes  are  calculated  using 
the  calculated  values  for  molecular  area  and  volume.  Tables  2.6  and  2.7,  one 
gains  a realistic  view  of,  at  least,  the  minimum  value  of  these  quantities  for  a 
given  sohd.  It  should  also  be  obvious  that  for  a material  with  a distribution 
of  pores,  as  with  the  microporous  carbons  studied  here,  the  surface  area  is 
dependent  on  the  adsorptive  molecule  used.  In  our  work  with  zeohtes  with 
their  defined  pore  structures,  the  areas  determined  using  the  different 
adsorptives  agreed  within  experimental  error  [96]. 

A comparison  of  the  five  carbons  studied  here  can  be  made  on  the  basis  of 
the  MEA  surface  areas.  Figure  2.14  shows  the  total  MEA  surface  area  for 
each  sohd  as  a function  of  adsorptive.  Notice  that  while  the  methane  MEA 
area  is  close  to  the  BET  value,  the  N2  areas  for  the  two  methods  do  not  agree. 
It  is  also  apparent  from  Figure  2.14  that  the  surface  area  is  dependent  on  the 


Area  (m^g') 
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Figure  2.14:  MEA  surface  area  comparison. 
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adsorptive  used  and  that  an  estimation  of  the  PSD  for  each  sohd  can  be 
obtained. 

Comparing  A563  and  A600,  based  on  surface  area,  one  finds  that  these 
two  materials  indeed  have  similar  pore  structures.  The  agreement  extends 
through  the  Process  resolved  surface  areas  (the  area  that  corresponds  to  each 
Process)  and  the  total  areas  in  Table  2.6,  but  the  thermodynamic  comparison 
will  show  slight  differences  in  these  materials.  The  similarity  of  the  surface 
areas  and  the  differences  shown  by  the  thermodynamic  comparison  gives 
further  support  for  the  necessity  of  a thermodynamic  as  well  as  physical 
characterization  of  porous  materials. 

Comparing  BPL  to  A572  and  F300  also  reveals  the  differences  in  these 
materials.  BPL  shows  a steady  increase  in  surface  area  as  the  adsorptive 
size  increases,  indicating  a rather  broad  distribution  of  pores  up  to  ~10A  in 
width.  A572,  on  the  other  hand,  has  larger  total  areas  than  BPL,  but  also 
shows  a maximum  at  methane  followed  by  a decrease  in  area  with  increasing 
adsorptive  size.  This  shows  a narrow  distribution  of  pore  sizes  in  A572. 
Finally,  in  the  case  of  F300,  the  lower  surface  areas  indicate  a smaller 
number  of  pores  of  the  appropriate  size  for  adsorption  of  each  adsorptive,  but 
a maximum  is  reached  with  methane  again  suggesting  a narrow  distribution 
of  pore  sizes. 

In  a manner  analogous  to  the  surface  area  calculation,  the  m’s  can  be  used 
with  the  adsorptive  molar  volume  to  get  the  accessible  pore  volume.  Table 
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2.7.  The  MEA  calculation  of  pore  volume  requires  no  assumption  about 
molecular  packing  and  results  in  a measure  of  the  “usable”  space  within  the 
pores.  Pore  volume  is  an  important  quantity  when  selecting  a porous 
material  for  a specific  apphcation.  Figure  2.15  shows  the  comparison  of  the 
total  pore  volumes  for  each  sohd  as  a function  of  adsorptive.  Notice  that  in 
aU  instances  the  MEA  volume  is  significantly  less  that  the  micropore  volume 
determined  from  the  H-J  t-plot  using  the  N2  isotherm  at  77K.  MEA  gives  a 
more  realistic  view  of  the  usable  space  in  a sohd  that  other  methods  do  not 
provide. 

The  Enthalpy  of  Adsorption 

The  enthalpy  of  adsorption  (AHads)  determined  from  MEA  depends  on  the 
average  width  of  the  pore  size  regime  used  by  the  specific  Process. 
Additionally,  the  wider  the  distribution  about  the  average,  the  greater  the 
observed  error  in  -AHads.  In  this  way,  the  -AHads  and  its  associated  error 
reflect  the  average  pore  size  and  its  distribution  for  a given  Process  and 
adsorptive.  Enthalpy  and  entropy  data  for  the  sohds  and  adsorptives  studied 
are  presented  in  Tables  2.8  and  2.9,  respectively,  and  will  be  used  to  compare 
different  carbons  in  these  terms. 

An  comparison  of  the  physical  properties  of  the  adsorbents  (Table  2) 
suggests  that  the  synthetic  adsorbents  A563  and  A600  are  very  similar, 
which  was  also  supported  by  the  analysis  of  MEA  surface  areas.  Each  has  a 
BET  area  of  about  625  m^  g-i  and  a t-plot  micropore  volume  of  ~ 0.23  ml  g i. 
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Table  2.6:  MEA  resolved  surface  areas  in 


N2 

AS63 

AS  72 

A600 

BPL 

F300 

I: 

29.1 

42.6 

32.1 

19.3 

21.2 

11: 

125.2 

164.6 

127.5 

91.0 

89.6 

III: 

211.5 

490.7 

210.1 

452.5 

343.4 

Total: 

365.8 

697.8 

369.7 

562.8 

454.2 

CO 

A563 

AS  72 

A600 

BPL 

F300 

I: 

32.5 

54.9 

51.0 

31.7 

23.9 

II: 

101.0 

182.1 

121.4 

119.1 

91.1 

III: 

235.4 

465.6 

210.5 

475.5 

362.8 

Total: 

368.9 

702.6 

382.9 

626.3 

477.8 

CH4 

A563 

AS  72 

A600 

BPL 

F300 

I: 

50.4 

75.9 

48.9 

34.1 

32.5 

II: 

164.3 

215.2 

167.6 

125.9 

124.3 

III: 

209.7 

530.3 

199.4 

559.8 

443.8 

Total: 

424.4 

821.4 

415.9 

719.8 

600.6 

C2H6 

A563 

AS  72 

A600 

BPL 

F300 

I: 

47.6 

45.9 

39.4 

27.9 

28.8 

II: 

156.9 

205.7 

159.1 

121.4 

125.9 

III: 

183.4 

537.8 

188.1 

585.6 

483.9 

Total: 

387.9 

789.4 

386.6 

734.9 

638.6 

SFe 

A563 

AS  72 

A600 

BPL 

F300 

I: 

20.5 

30.9 

10.3 

20.7 

24.0 

II: 

113.1 

188.6 

99.2 

136.5 

128.8 

III: 

124.7 

468.1 

133.8 

599.8 

448.2 

Total: 

258.3 

687.7 

243.3 

757.0 

601.0 
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Table  2.7:  MEA  resolved  pore  volumes  in  mL  g ^ 


N2 

A563 

A572 

A600 

BPL 

F300 

1: 

0.0079 

0.0116 

0.0087 

0.0052 

0.0058 

II: 

0.0341 

0.0448 

0.0347 

0.0248 

0.0244 

III: 

0.0575 

0.1335 

0.0572 

0.1231 

0.0934 

Total: 

0.0995 

0.1898 

0.1006 

0.1531 

0.1236 

CO 

A563 

AS72 

A600 

BPL 

F300 

I: 

0.0097 

0.0164 

0.0152 

0.0094 

0.0071 

II: 

0.0301 

0.0542 

0.0362 

0.0355 

0.0271 

III: 

0.0701 

0.1386 

0.0627 

0.1416 

0.1080 

Total: 

0.1098 

0.2092 

0.1140 

0.1865 

0.1422 

CH4 

A563 

A572 

A600 

BPL 

F300 

I: 

0.0153 

0.0231 

0.0148 

0.0103 

0.0099 

II: 

0.0499 

0.0653 

0.0509 

0.0382 

0.0378 

III: 

0.0637 

0.1610 

0.0606 

0.1700 

0.1348 

Total: 

0.1289 

0.2494 

0.1263 

0.2186 

0.1824 

C2H6 

A563 

A572 

A600 

BPL 

F300 

I: 

0.0155 

0.0150 

0.0129 

0.0091 

0.0094 

II: 

0.0512 

0.0671 

0.0519 

0.0396 

0.0411 

III: 

0.0599 

0.1756 

0.0614 

0.1912 

0.1580 

Total: 

0.1266 

0.2577 

0.1262 

0.2399 

0.2085 

SFe 

A563 

A572 

A600 

BPL 

F300 

I: 

0.0084 

0.0127 

0.0042 

0.0085 

0.0098 

II: 

0.0464 

0.0774 

0.0407 

0.0560 

0.0528 

III: 

0.0512 

0.1921 

0.0549 

0.2461 

0.1839 

Total: 

0.1060 

0.2822 

0.0999 

0.3106 

0.2466 

Volume  (ml  • g~0 
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Figure  2.15;  ME  A pore  volume  comparison. 
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MEA,  however,  shows  that  these  two  materials  are  different.  Nitrogen 
adsorption  indicates  that  the  Process  I pores  used  by  A600  are  shghtly 
smaller  than  those  used  by  A563  (a  -AHi  of  5.07  versus  4.66  kcal  mole-i, 
respectively).  Carbon  monoxide,  which  is  shghtly  larger  than  N2,  shows  a 
greater  AHi  for  A563  even  though  N2  adsorption  suggests  a greater  number 
of  small  pores  in  A600.  This  suggests  the  possibhity  of  a specific  interaction 
in  A563  that  would  account  for  the  difference  in  pore  size.  In  terms  of 
methane  adsorption,  these  materials  are  identical. 

Nitrogen,  carbon  monoxide,  and  methane  have  similar  areas  and  molar 
volumes  that  hmit  their  usefulness  for  providing  differences  in  pore 
structure.  Ethane  and  sulfur  hexafluoride  are  larger  than  the  other 
molecules  studied  and  each  will  use  a different  portion  of  the  PSD  of  each 
carbon.  Continuing  the  comparison  of  A563  and  A600,  one  finds  a 0.7  and  0.5 
kcal  mole-i  difference  in  AHi  for  ethane  and  SFe,  respectively.  In  the  case  of 
ethane,  A600  shows  the  larger  AHi,  which  suggests  a closer  match  of  pore 
dimension  to  adsorptive  size.  However,  SFg  shows  a larger  AHi  for  A563. 
Clearly  the  deviations  in  the  PSDs  of  the  two  materials  is  shown  as  larger 
adsorptives  are  used. 

Similar  observations  can  be  made  with  the  comparisons  of  BPL  to  F300 
and  A572.  BPL  and  A572  have  similar  BET  areas  and  H-J  t-plot  micropore 
volumes  but  differ  synthetically,  BPL  is  coal  derived  and  A572  is  made  by  the 
controlled  pyrolysis  of  a synthetic  resin.  BPL  and  F300  are  both  coal  derived 
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Table  2.8:  Enthalpy  of  Adsorption  in  Kcal  mole  '. 


N2 

-AHi 

± 

-AH2 

± 

-AH3 

± 

A563 

4.64 

0.04 

4.2 

0.1 

3.59 

0.02 

AS  72 

4.8 

0.1 

4.3 

0.3 

2.9 

0.3 

A600 

5.0 

0.2 

4.38 

0.08 

3.8 

0.1 

BPL 

5.1 

0.2 

4.4 

0.2 

3.4 

0.2 

F300 

4.94 

0.08 

4.2 

0.1 

3.11 

0.08 

CO 

-AHi 

± 

-AH2 

± 

-AH3 

± 

A563 

6.0 

0.4 

4.48 

0.07 

3.1 

0.4 

A572 

5.29 

0.09 

4.39 

0.06 

3.47 

0.06 

A600 

5.6 

0.2 

4.55 

0.01 

3.6 

0.2 

BPL 

5.14 

0.08 

4.19 

0.01 

3.26 

0.02 

F300 

5.3 

0.2 

4.6 

0.2 

3.43 

0.08 

CH4 

-AHi 

± 

-AH2 

± 

-AH3 

± 

A563 

6.2 

0.2 

5.4 

0.1 

4.9 

0.2 

AS72 

6.0 

0.6 

4.9 

0.4 

3.9 

0.5 

A600 

6.2 

0.4 

5.4 

0.3 

4.9 

0.3 

BPL 

5.7 

0.4 

5.1 

0.1 

3.6 

0.3 

F300 

6.0 

0.2 

5.1 

0.2 

4.0 

0.1 

C2H6 

-AHi 

± 

-AH2 

± 

CO 

<1 

1 

± 

A563 

8.5 

0.7 

7.6 

0.3 

7.3 

0.4 

AS  72 

10.0 

0.6 

8.1 

0.3 

6.7 

0.4 

A600 

9.2 

0.2 

7.9 

0.1 

7.5 

0.1 

BPL 

7.5 

0.4 

6.4 

0.7 

4.0 

0.6 

F300 

8.7 

0.3 

7.3 

0.3 

5.8 

0.2 

SFe 

-AHi 

± 

-AH2 

± 

-AH3 

± 

AS63 

9.3 

0.2 

7.6 

0.2 

7.6 

0.2 

AS  72 

9.0 

0.5 

7 

0.3 

7 

1 

A600 

9 

1 

6.6 

0.2 

5.7 

0.2 

BPL 

9.9 

0.6 

7.3 

0.8 

6.3 

0.1 

F300 

9.3 

0.4 

7.3 

0.4 

5.9 

0.6 
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Table  2.9;  Entropy  of  Adsorption  in  cal  mole  i-K-i. 


Na 

-ASi 

± 

— ASa 

± 

-ASs 

± 

A563 

17.3 

0.2 

18.7 

0.5 

19.71 

0.09 

A572 

17.7 

0.6 

20 

2 

17 

1 

A600 

19 

1 

19.4 

0.4 

20.7 

0.7 

BPL 

18.8 

0.8 

19.2 

0.8 

18.9 

0.9 

F300 

17.8 

0.4 

18.3 

0.6 

17.2 

0.4 

CO 

-ASi 

± 

—ASa 

± 

-ASa 

± 

A563 

22 

2 

18.2 

0.3 

16 

2 

AS  72 

18.7 

0.5 

18.7 

0.3 

18.7 

0.2 

A600 

20.7 

0.8 

19.30 

0.02 

18.9 

0.7 

BPL 

18.1 

0.4 

18.02 

0.07 

18.3 

0.1 

F300 

18.3 

0.9 

19 

1 

17.8 

0.4 

CH4 

— ASi 

± 

-ASa 

± 

-ASa 

± 

A563 

19.2 

0.8 

20.0 

0.7 

22.5 

0.7 

A572 

19 

2 

19 

2 

19 

2 

A600 

19 

2 

20 

1 

23 

1 

BPL 

17 

2 

18.9 

0.7 

17 

1 

F300 

18 

1 

18.8 

0.9 

18.9 

0.6 

CaHe 

— ASi 

± 

-ASa 

± 

-ASa 

± 

A563 

18 

2 

19.6 

0.8 

23 

1 

A572 

22 

2 

20 

1 

21 

1 

A600 

19.8 

0.6 

20.0 

0.3 

23.7 

0.4 

BPL 

15 

1 

16 

2 

14 

2 

F300 

18.1 

0.9 

18.2 

0.9 

18.7 

0.6 

SFe 

-ASi 

=t 

—ASa 

± 

-ASa 

± 

A563 

19.8 

0.7 

18.6 

0.6 

23.3 

0.6 

AS  72 

17 

1 

16 

1 

20 

3 

A600 

17 

3 

15.2 

0.6 

17.4 

0.5 

BPL 

21 

2 

18 

2 

19.6 

0.4 

F300 

19 

1 

18 

1 

18 

2 
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applications,  gas-phase  and  Hquid-phase,  respectively.  Again,  the  differences 
in  the  materials  is  not  significant  for  N2,  CO,  or  CH4  adsorption,  but  ethane 
and  SFg  reveal  differences.  The  difference  between  ethane  adsorption  in  BPL 
and  A572  is  2.74  kcal  mole-i  in  favor  of  A572  while  SFe  shows  a difference  of 
1.47  kcal  mole'i  in  favor  of  BPL.  This  shows  the  difference  in  the  PSDs  and, 
more  importantly,  that  A572  has  a more  narrow  distribution  of  pore  sizes. 
This  is  also  supported  by  the  smaller  difference  between  the  SFe  AHi  and  AHs 
values,  2.01  kcal  mole-i  for  A572  versus  3.81  for  BPL. 

Comparing  BPL  and  F300  shows  many  similarities  in  the  two  materials. 
In  terms  of  N2,  CO,  and  CH4,  BPL  and  F300  are  identical,  and  the  -AHi 
values  for  C2H6  and  SFe  are  very  similar.  The  similarity  of  the  two  materials 
suggests  that  they  have  comparable  pore  structures  with  BPL  having  a larger 
overall  capacity.  These  simple  comparisons  show  that  small  differences  in 
molecular  size  can  yield  striking  differences  in  PSDs. 

Prediction  of  Adsorption  Isotherms 

To  date,  there  is  no  model  that  permits  even  an  empirical  prediction  of  an 
adsorption  isotherm  for  an  adsorptive  not  specifically  investigated  using  the 
model  [97,98].  The  prediction  of  an  adsorption  isotherm  is  one  of  the  specific 
goals  in  the  development  and  use  of  the  MEA.  A plot  of  the  -AHi’s  (or  -AGi’s) 
determined  using  the  MEA  versus  the  square  root  of  the  van  der  Waals  a 
constants  {a'^)  for  the  adsorptives  studied  yields  a straight  line.  Figures  2.16  - 
2.18.  Given  the  a constant  for  an  new  adsorptive,  which  can  be  calculated 
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from  the  critical  constants  of  the  adsorptive  [91],  values  for  AHi  can  be 
predicted.  Fi^re  2.16  Shows  a -AHi  versus  plot  for  N2,  CO,  CH4,  C2H6, 
and  SFg  adsorption  by  F300  (O’s).  Also  shown  are  the  -AH  values  for  the 
adsorption  of  the  same  gases  on  a nonporous  sohd  [58].  First,  the  correlation 
suggests  that,  barring  significant  -AS  contributions,  -AH  is  hnearly 
dependent  on  a^^^  Second,  it  shows  that  the  MEA  parameters  have  physical 
meaning  in  terms  of  the  model.  The  black  triangle  in  Figure  2.16  is  the 
calculated  -AHnp  for  SFe  adsorption  by  a nonporous  reference  carbon  using 
the  best  fit  line  of  the  N2,  CO,  CH4,  and  C2He  values.  With  a reasonable 
estimate  of  ASi,  Ki  values  for  the  adsorption  of  the  new  adsorptive  at  a 
specific  temperature  can  be  calculated. 

It  may  also  be  possible  to  predict  Ki  values  from  the  correlation  of  hiKi  (or 
AGi)  to  as  shown  in  Figures  2.17  and  2.18.  This  correlation  requires  the 
calculation  of  hiKi  values  from  appropriate  InKi  versus  T-i  plots  and  that  the 
entropy  terms  within  the  InKi  values  are  consistent.  In  either  case,  the  total 
adsorption  isotherm  can  only  be  predicted  if  acceptable  m values  can  be 
predicted.  One  method  currently  being  investigated  for  predicting  m values 
is  the  interpolation  and  extrapolation  of  m’s  using  adsorptive  molar  volumes. 
Another  is  based  on  using  the  MEA  derived  pore  size  distribution  (MEA-PSD) 
and  the  critical  dimensions  of  the  adsorptives.  The  MEA-PSD  will  be 


introduced  in  the  next  chapter. 
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Figure  2.16:  -AHi  versus  van  der  Waals  for  F300.  The  solid  triangle  is  the 
predicted  value  for  SFe. 
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Figure  2.17;  Correlation  of  the  enthalpies  of  adsorption  on  A572  with  the 
square  root  of  the  van  der  Waals  a constant  for  the  adsorptive.  Process  I is 
represented  hy  □,  with  0 and  A representing  process  II  and  III,  respectively. 
The  equations  for  the  best  fit  fines  along  with  the  associated  values  for 
Processes  I-III  are  given  as  follows;  y=4.30x-0.101,  R2=0.996;  y=3.00x+0.751, 
R2=0.992;  y=3.01x-0.454,  R2=0.993. 
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Fi^re  2.18;  The  free  energies  of  adsorption  on  A572  at  25°C  versus  the 
square  root  of  the  van  der  Waals  a constant  for  each  adsorptive.  Process  I is 
represented  by  □,  with  0 and  A representing  Process  II  and  II,  respectively. 
The  equations  for  the  best  fit  lines  along  with  the  associated  R2  values  for 
Process  I-III  are  given  as  follows;  y=3.63x-4.87,  R2=0.995;  y=3.04x+5.13, 
R2=0.991;  y=2.47x-5.18,  R2=0.992. 
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Concluding  Remarks 

The  utility  of  the  mvdtiple  equihbrium  analysis  (MEA)  has  been  shown  for 
the  thermodynamic  and  physical  characterization  of  porous  carbonaceous 
materials.  The  thermodynamic  characterization  reveals  differences  in 
materials  that  are  not  readily  apparent  when  traditional  physical 
characterization  techniques  are  used,  for  example,  BET.  The  physical 
quantities  that  result  from  the  m’s  (surface  area  and  pore  volume)  have  been 
shown  to  be  more  realistic  estimates  than  provided  by  other  methods. 
Specifically,  these  values  represent  “usable”  space  within  these  materials. 

The  -AHi  values  determined  using  the  MEA  make  it  possible  to  predict 
adsorption  equihbrium  constants  based  on  a physical  characteristic  of  an 
adsorptive  molecule,  the  van  der  Waals  a constant.  The  abdity  to  predict  an 
entire  adsorption  isotherm  will  result  when  the  m values  can  be  predicted  in 
a rehable  fashion  from  a MEA  derived  pore  size  distribution  (MEA-PSD). 


CHAPTER  3 

THE  MEA  PORE  SIZE  DISTRIBUTION  (MEA-PSD) 

The  pore  size  distribution  (PSD)  for  a porous  material  is  an  essential  piece 
of  information  for  selecting  a material  for  a specific  application.  With 
crystalline  materials  such  as  zeohtes,  the  width  of  the  distribution  is  narrow 
and  the  average  pore  size(s)  can  be  determined  from  crystallography  [1,31], 
The  determination  of  pore  sizes  is  a Httle  more  difficult  for  amorphous 
materials,  for  example,,  carbons,  silicas,  and  aluminas,  which  usually  have  a 
wide  distribution  of  pore  sizes  [1],  Different  methodologies  have  been 
developed  to  determine  PSDs  and  each  has  advantages  and  potential 
shortcomings.  The  focus  of  this  chapter  will  be  to  examine  a few  of  the 
current  methods  for  determining  PSDs  and  to  introduce  a method  that  takes 
advantage  of  the  information  provided  by  the  MEA. 

Heterogeneity  and  PSDs 

Activated  carbons,  in  general,  contain  a distribution  of  pore  sizes.  As  was 
mentioned  in  Chapter  2,  the  driving  force  for  adsorption  in  these  pores  is  the 
addition  of  potential  fields  that  exists  between  the  opposite  walls  of  sht- 
shaped  pores,  which  are  dominate  in  activated  carbon  materials.  Everett  and 
Powl  have  shown  that  the  maximum  enhancement  from  the  addition  of 
potential  fields,  versus  adsorption  on  a single  graphitic  plane,  occurs  in  sHt- 
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shaped  pores  roughly  1 molecular  diameter  in  width  [10],  At  widths  greater 
than  ~2  molecular  diameters,  the  enhancement  is  neghgihle  and  adsorption 
approaches  that  on  a single  graphitic  surface,  refer  to  Figure  2.2. 

Others  have  proposed  potential  functions  for  adsorption  in  sht-shaped 
pores  with  Everett  and  Fowl’s  10-4  potential  as  the  basis  of  many  of  them 
[34,99].  Closely  resemhhng  Everett  and  Fowl’s  10-4  potential  is  that  used  by 
Horvath  and  Kawazoe  [61]  and  later,  Mariwala  and  Foley  [64].  Steele’s  10-4- 
3 potential  is  a better  approximation  of  the  potential  function  and  has  been 
used  in  recent  work  using  Monte  Carlo  simulation  to  determine  FSDs  [100- 
102].  Some  of  the  elegance  of  these  models  comes  with  a price,  however. 
Specifically,  a potential  function  must  be  chosen  that  may  or  may  not  justly 
describe  the  interactions  encountered  [103-106]. 

Determining  PSDs 

Jaroniec,  et.al.,  have  examined  the  structural  heterogeneity  of  micropores 
and  the  surface  heterogeneity  of  mesopores  using  a F distribution  function 
[56,62,80,107,108].  Their  FSDs  are  based  on  the  relationship  between 
micropore  dimension  (x)  and  the  characteristic  energy  of  adsorption  (so).  The 
characteristic  energy  so  comes  from  the  fit  of  experimental  adsorption  data  to 
the  Dubinin-Radushkevich  (D-R)  equation  [70,72,76].  The  FSD  is  determined 
by  choosing  an  isotherm  equation  to  approximate  the  adsorption  occurring  in 
the  solid  being  studied  (the  local  isotherm)  and  using  it  with  the  adsorption 
integral  equation.  Equation  3.1  [7,109].  In  Equation  3.1,  F(e)  is  the  local 
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!>XP)  = \»(P,e)F(s)ds  (3.1) 

isotherm  function,  e is  the  adsorption  energy,  P is  the  pressure,  6 is  the 
coverage,  and  A is  the  integration  range  covering  all  possible  adsorption 
energies.  Comparison  of  the  calculated  adsorption  to  the  experimental 
isotherm  allows  determination  of  the  PSD. 

Guhhins,  et.  al.,  have  used  Density  Functional  Theory  (DFT)  to  determine 
PSDs  [63,110,111].  Their  DFT  method  simulates  adsorption  in  sht-like  pores 
as  a function  of  pressure  and  pore  width.  The  simulated  adsorption  isotherms 
are  combined  using  hnear  combinations  to  best  fit  the  experimental 
isotherms  giving  a composite  simulated  isotherm.  The  PSD  is  extracted  from 
the  composite,  as  the  widths  of  the  pores  used  to  simulate  the  adsorption  are 
known. 

The  Horvath  - Kawazoe  Model 

The  use  of  the  Horvath-Kawazoe  model  has  become  a standard  method  for 
determining  PSDs  of  microporous  materials,  because  it  only  requires  the  use 
of  a single  N2  isotherm  collected  at  77K  [61].  Since  the  H-K  model  is  used  as 
the  basis  for  the  MEA-PSD,  a brief  summary  of  its  derivation  follows.  A 
complete  derivation  may  be  found  in  the  original  Horvath  and  Kawazoe 
paper  or  in  a later  paper  by  Mariwala  and  Foley  [64].  Baksh  and  Yang  have 
also  apphed  the  principles  of  the  H-K  model  to  microporous  pillared  clays 


[112]. 
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Derivation 

As  mentioned  in  Chapter  1,  the  free  energy  change  upon  adsorption  of  an 
adsorptive  gas  by  a porous  sohd  can  be  expressed  by  Equation  3.2.  The  free 


AGads  = AHads  - TASads  (3.2) 

energy  change  can  also  be  calculated  from  the  equihbrium  relative  pressure 
of  the  gas  over  the  sohd  using  Equation  3.3,  where  R is  the  gas  constant,  T is 


AGads  = RTln(P/Po)  (3.3) 

the  experimental  temperature,  P is  the  equihbrium  pressure  of  the 
adsorptive  over  the  sohd,  and  Po  is  the  saturation  pressure  of  the  adsorptive 
at  the  experimental  temperature.  Combining  Equations  3.2  and  3.3  results 
in  an  equation  that  relates  the  equihbrium  relative  pressure  to  the  molar 
enthalpy  and  the  molar  entropy  of  adsorption.  Equation  3.4. 


RTln(P/Po)  = AHads  - TASads  (3.4) 

At  the  molecular  level  the  adsorption  can  be  expressed  as  the  contribution 
from  the  adsorbate-adsorbent  interaction,  Uo,  and  the  adsorbate-adsorbate 
interaction.  Pa.  The  result  is  Equation  3.5.  A potential  function  that  takes 

RTln(P/Po)  = Uo  + Pa  (3.5) 

into  account  the  adsorbate-adsorbent  and  adsorbate-adsorbate-adsorbent 
interactions  is  expressed  by  Equation  3.6.  Equation  3.6  is  derived  by 
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summing  the  overlapping  potentials  from  two  parallel  planes  of  carbon  atoms 
separated  by  a distance  z.  This  function  assumes  the  pores  are  sht-shaped 
and  extend  to  infinity  in  the  x and  y directions.  In  this  way,  the  potential 
varies  significantly  only  along  the  z-axis,  the  pore  width.  Ns  and  Na  are  the 
densities  per  unit  area  of  the  sohd  atoms  and  the  adsorbate  molecules, 
respectively.  The  latter  is  usually  determined  from  the  hquid  density  of  the 
adsorptive  as  it  is  assumed  that  the  hquid  and  adsorbed  states  are  similar. 
As  and  Aa  are  the  Kirkwood-MuUer  dispersion  constants  given  by  Equations 
3.7  and  3.8,  where  me  is  the  mass  of  an  electron,  c is  the  speed  of  fight,  a and 


X are  the  polarizabilities  and  diamagnetic  susceptibOities  of  the  solid  and 
adsorptive  atoms,  respectively.  As  corresponds  to  the  adsorbate-adsorbent 
interaction  while  Aa  refers  to  adsorbate-adsorbate  interactions,  c is  the 
coUisional  diameter  or  the  diameter  at  zero  interaction,  recall  the 
Lennard-Jones  function  in  Figure  1.3.  The  coUisional  diameter  is  estimated 
in  this  case  by  Equation  3.9,  where  do  = (ds  + dA)  / 2 is  the  arithmetic  mean  of 


(3.7) 


2 


(3.8) 


a = (2/5)  1/6  do 


(3.9) 
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the  solid  and  adsorptive  diameters.  The  average  potential  is  calculated  by 
integrating  3.6  over  the  pore  widths  leading  to  Equation  3.10,  which  is  the 
Horvath-Kawazoe  equation. 
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In  the  Horvath-Kawazoe  equation,  I is  the  distance  between  the  centers  of 
two  model  graphitic  planes,  and  d is  the  distance  of  the  molecule  from  the 
surface  of  the  planes.  With  each  parameter  on  the  right  side  of  Equation  3.10 
fixed,  1 is  varied  to  obtain  corresponding  values  of  P/Po.  Given  the 
relationship  between  1 and  P/Po  and  the  experimental  volume  adsorbed  at 
each  relative  pressure,  an  integral  pore  size  distribution  can  be  obtained. 
The  integral  pore  size  distribution  is  then  differentiated  to  obtain  the  more 
famOiar  pore  size  distribution.  The  final  PSD  is  dependent  on  both  the 
temperature  of  the  adsorption  experiment  and  the  size  of  the  adsorptive 
relative  to  the  size  of  the  pore. 

Mariwala  and  Foley 

Mariwala  and  Foley  have  adapted  the  Horvath-Kawazoe  model  to 
calculate  PSDs  from  the  methyl  chloride  adsorption  isotherm  collected  at  or 
near  ambient  temperature  rather  than  from  the  nitrogen  isotherm  collected 
at  77K  [64].  The  advantages  of  CH3CI  are  that  more  is  taken  up  by  the  sohd 
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in  the  adsorption  experiment,  ultrahigh  vacuum  is  not  necessary, 
experiments  can  be  run  at  ambient  temperature,  and  ambient  temperature 
allows  shorter  equibbrium  times  as  a result  of  higher  molecular  diffusivities. 
Their  results  confirmed  those  of  Horvath  and  Kawazoe  and  showed  that 
molecules  other  than  N2  can  be  used  to  effectively  characterize  porous  sohds. 

The  MEA-PSD 

Again,  one  purpose  for  determining  a PSD  is  for  comparing  different 
porous  sohds  for  use  in  a particular  apphcation.  Another  reason  for 
determining  a PSD  for  a material  is  for  the  prediction  of  adsorption 
isotherms  for  an  adsorptive  that  has  not  necessarily  been  studied  on  the  sohd 
of  interest.  The  MEA  is  potentially  useful  for  each  of  the  above  apphcations. 
First,  MEA-PSDs  are  based  on  more  than  one  adsorptive  molecule  allowing  a 
more  precise  estimation  of  the  true  PSD  than  a single  molecule  allows. 
Second,  the  m’s  determined  from  MEA  give  an  indication  of  the  number 
densities  for  adsorption  in  the  different  pore  size  regimes  (Processes),  which 
could  lead  to  accurate  estimations  of  new  ru’s  based  on  adsorptive  size. 
Finally,  the  free  energies  of  adsorption  determined  from  MEA  are  a better 
prediction  of  the  sum  of  observed  adsorbate-adsorbent  and 
adsorbate-adsorbate  interactions  than  the  estimation  methods  used  in  other 


models. 
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MEA  Extension  of  the  Horvath  -Kawazoe  Model 

The  MEA  allows  the  resolution  of  different  pore  size  regimes  based  on 
differences  in  the  average  free  energies  of  adsorption,  hiK’s,  in  each  regime. 
In  microporous  activated  carbon  materials,  the  free  energy  of  adsorption  is 
proportional  to  the  width  of  the  pore  used  for  adsorption.  Thus,  the 
determination  of  the  distribution  of  free  energies  can  be  correlated  to  the 
distribution  of  pore  sizes  used  for  adsorption.  The  major  assumptions 
associated  with  the  MEA-PSD  are: 

1.  The  error  in  AGads  determined  from  MEA  directly  reflects  the 
width  of  the  distribution  of  AGads  values  for  the  pores  in  each  size 
regime. 

2.  The  m’s  corresponding  to  each  AGads  is  a measure  of  the  density  of 
pores  and  thus,  is  the  area  under  the  curve  in  the  distribution. 


Modification  of  3.10  begins  with  the  substitution  of  3.11  for  3.3  resulting 
in  an  equation  relating  the  equfiibrium  constant  for  adsorption  to  pore  width. 
Equation  3.12.  The  term  NsAs  + NaAa  is  the  estimated  interaction  potential 


AGads  — RTlnKeq 
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(IP)  determined  from  the  sohd  and  hquid  adsorptive  densities  and  the 
Kirkwood-MuUer  constants  calculated  from  3.7  and  3.8.  The  units  of  this 
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term  are  cal  nm^  molecule"!.  The  IP  includes  contributions  from  both  the 
adsorbate-adsorbent  (NsAs)  and  the  adsorbate-adsorbate  (NaAa) 
interactions.  Dividing  the  IP  by  converts  the  units  to  cal  molecule"i.  This 
is  then  converted  to  a molar  quantity  by  multiplying  by  Avogadro’s  number, 
Nav,  giving  the  units  of  cal  mole'i.  When  the  IP  is  calculated  in  this  way  for 
nitrogen,  methane,  and  sulfur  hexafluoride,  the  resulting  values  are  similar 
to  the  MEA  AGads  values  calculated  at  the  critical  temperatures  of  the 
adsorptives.  This  suggests  that  AGads  can  be  substituted  into  3.12  as  an 
appropriate  approximation  of  the  IP  in  the  given  pore  size  regime  (Process), 
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Equation  3.13.  Equation  3.14  connects  the  MEA  equilibrium  constant  and 
pore  width  allowing  the  calculation  of  effective  pore  sizes  and  then  the  PSD. 

To  determine  the  PSD  with  respect  to  the  adsorptive  gas  and  MEA 
Process,  assumption  1 above  is  used.  The  distribution  of  InK  is  determined 
using  a Monte  Carlo  simulation  program  and  the  MEA  derived  AHi’s,  ASis, 
and  their  associated  errors.  The  Monte  Carlo  simulation  program  used  was 
Crystal  Ball®  (Decisioneering,  Denver,  CO),  which  is  a plug-in  apphcation 
for  use  with  the  Microsoft  Excel  spreadsheet  program.  A spreadsheet  model 
was  constructed  allowing  the  calculation  of  InKi  from  -AHi,  -ASi,  and 
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temperature.  The  temperature  used  in  was  the  critical  temperature  of  the 
associated  adsorptive  gas.  Crystal  Ball  allows  the  choice  of  distribution 
function  for  the  variable  parameters  (-AHi  and  -ASi  in  this  case).  It  was 
assumed  that  the  errors  in  -AHi  and  -ASi  were  normally  distributed.  Like 
most  Monte  Carlo  simulation  programs,  Crystal  Ball  computes  a value  for 
InKi  using  randomly  generated  -AHi  and  -ASi  values  chosen  from  the 
distribution  assigned  for  each  of  these  variables.  This  is  repeated  for  a 
specified  number  of  trials,  100,000  was  used  in  each  simulation  here,  with 
each  result  appearing  in  a probability  histogram  to  give  a picture  of  the 
overall  distribution  in  InKi.  In  each  case,  it  was  found  that  the  resulting 
histogram  was  best  fit  by  a normal  distribution  function.  The  mean  value  for 
InKi  and  its  standard  distribution  were  taken  from  the  fitted  distribution 
function. 

The  pore  width  is  calculated  from  Equation  3.14  using  the  InKi 
determined  from  the  Monte  Carlo  simulation  to  get  the  corresponding  value 
of  Z,  which  is  found  by  varying  1 until  the  value  of  InKi  calculated  is  the  same 
as  the  value  determined  from  the  simulation.  The  PSD  is  calculated  from  the 
normal  (Gaussian)  distribution  function  using  the  associated  m as  the 
normalization  constant.  Alternatively,  m can  be  converted  to  the  accessible 
volume  as  described  in  Chapter  2 resulting  in  a pore  volume  distribution. 
The  distributions  from  each  Process/adsorptive  are  then  overlayed  to  get  the 
resulting  distribution  for  the  sohd. 
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MEA  - PSD  of  Selected  Carbons 

The  MEA  InKi  distributions  for  A563,  A600,  A572,  F300,  and  BPL  are 
shown  in  Figures  3. 1-3.5,  respectively.  Each  figure  shows  the  accessible  pore 
volume  versus  InK.  Nitrogen  is  represented  by  the  sohd  fine,  methane  by  the 
long-dashed  fine,  and  sulfur  hexafluoride  is  represented  by  the  dotted  fine. 
Each  process  is  represented  going  from  right  to  left  for  each  of  the  three 
adsorptives  used. 

An  examination  of  the  InK  distribution  for  A563,  Figure  3.1,  reveals  a few 
of  the  features  of  the  MEA-PSD.  First  is  the  overlap  of  the  different  InK 
distributions  for  the  adsorptives  used.  The  Process  11  pores  for  nitrogen,  the 
second  peak  from  the  right,  overlap  the  Process  I pores  for  methane. 
Additionally,  the  Process  111  pores  for  methane  fall  between  the  process  11 
and  Process  II  pores  used  by  SFe.  The  successive  overlap  of  the  different 
Process  designations  for  the  adsorptives  used  shows  the  micropore  mapping 
that  is  possible  using  the  MEA  and  multiple  adsorptives. 

It  was  mentioned  in  Chapter  2 that  A563  and  A600  are  very  similar  when 
compared  using  conventional  characterization  methods.  This  is  partially 
confirmed  by  the  MEA-PSDs  of  the  two  materials.  Figures  3.1  and  3.2  show 
the  features  of  the  MEA-PSD  for  A563  and  A600,  respectively.  The  major 
difierence  between  the  two  PSDs  is  that  the  widths  of  the  peaks  in  the  A600 
distribution  are  greater.  Additionally,  it  appears  that  the  distribution  of 


A563  increases  and  then  levels  out  while  that  for  A600  shows  a maximum  in 
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Figure  3.1:  The  MEA-PSD  of  A563,  volume  versus  InK.  Peak  assignment  is 
described  in  the  text. 
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Figure  3.2;  The  MEA-PSD  of  A600,  volume  versus  InK.  Peak  assignment  is 
described  in  the  text. 
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Fi^re  3.3;  The  MEA-PSD  of  A572,  volume  versus  InK.  Peak  assignment  is 
described  in  the  text. 


97 


Figure  3.4;  The  MEA-PSD  of  F300,  volume  versus  InK.  Peak  assignment  is 
described  in  the  text. 
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InK 


Figure  3.5:  The  MEA-PSD  of  BPL,  volume  versus  InK.  Peak  assignment  is 
described  in  the  text. 
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the  area  of  a InK  value  of  five.  This  could  be  confirmed  by  using  a larger 
molecule  that  would  use  the  same  range  of  pores. 

A563,  A600,  and  A572  are  all  prepared  via  the  controlled  pyrolysis  of  a 
synthetic  resin.  The  final  pore  structure  depends  on  the  starting  material 
and  the  treatment  the  material  receives  during  synthesis.  It  is  clear  from  a 
comparison  of  Figures  3. 1-3.3  (A563,  A600,  and  A572,  respectively)  that  A572 
is  probably  derived  from  a different  starting  material  or  it  received  a much 
different  synthesis  treatment  than  the  other  two.  Not  only  does  A572  show  a 
greater  volume  of  pores,  the  pores  are  wider  on  average.  The  PSD  of  A572 
shows  that  the  average  pore  size  is  centered  around  a InK  of  ~1.5  while  the 
average  pore  size  is  not  easily  discerned  from  the  A563  or  A600  plots.  The 
MEA-PSD  of  A572  shows  the  process  overlap  much  better  than  either  A563 
or  A600. 

F300  and  BPL  are  both  coal  derived  carbons  that  show  some  similarity  in 
their  MEA-PSDs.  While  the  PSD  of  F300  suggests  a maximum  at  a InK 
value  of  2,  the  BPL  distribution  shows  a steady  increase  in  pore  size  through 
the  peak  for  the  Process  III  adsorption  of  SFe.  Again,  the  use  of  a larger 
adsorptive  would  help  to  fill  in  the  gaps  in  each  distribution. 

A comparison  of  A572  to  BPL  based  on  the  properties  presented  in  Table 
2.2  suggest  that  they  are  similar  materials,  although  one  is  synthetically 
derived  while  the  other  is  coal  derived.  A comparison  of  Figures  3.3  and  3.5, 
A572  and  BPL,  respectively,  shows  that  A572  has  a broad  distribution  of 
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pores  that  go  through  a maximum  at  a InK  value  of  1.5,  while  BPL  has  a 
broad  distribution  of  pores  that  gradually  increase  in  size.  The  MEA  of  a 
wide  variety  of  different  carbons  may  reveal  that  those  derived  from  coals 
have  a broad  distribution  of  pores  while  those  derived  from  synthetic 
materials  have  distributions  that  may  contain  a maximum  volume  at  a 
particular  pore  size. 

Predicting  nfs  from  the  MEA-PSD 

From  the  MEA-PSD  for  a particular  sohd,  it  should  be  possible  to  predict 
the  m’s  for  an  adsorptive  not  previously  studied  on  the  sohd.  To  determine 
the  new  m’s,  it  will  be  necessary  to  have  the  MEA-PSD  in  a pore  volume 
versus  pore  width  format  and  that  the  dimensions  of  the  adsorptive  molecule 
be  known.  The  m’s  for  Processes  I-III  are  determined  by  determining  the 
available  volume  in  the  pore  size  regimes  associated  with  each  Process  and 
calculating  the  number  of  moles  of  adsorptive  that  corresponds  to  the 
determined  volume.  The  prediction  of  m’s  has  not  been  accomphshed  to  date, 
but  it  will  continue  to  be  actively  pursued. 

Concluding  Remarks 

The  goal  of  the  Multiple  Equdibrium  Analysis  derived  Pore  Size 
Distribution  was  to  obtain  a method  for  predicting  m values  for  a new 
adsorptive  on  a MEA  characterized  sohd.  Although  this  goal  has  not  been 
reached,  progress  has  been  made  in  its  attainment.  The  -AHi’s  and  -ASi’s 
from  the  MEA  have  been  used  to  find  InK  distributions  associated  with  N2, 
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CH4,  and  SFe  adsorption  on  the  sohds  studied.  The  use  of  several  spherically 
symmetric  adsorptive  molecules  allows  the  effective  mapping  of  the 
micropore  region,  < 10  A in  width.  The  InK  distributions  correlate  to  pore 
width  and  will  permit  the  determination  of  a pore  volume  / pore  width 
distribution.  It  is  hoped  that  volume  / width  distribution  will  allow  the  direct 
calculation  of  m values  for  use  in  isotherm  prediction. 


CHAPTER  4 

A MEA  DESCRIPTION  OF  MULTILAYER  FORMATION 


With  the  introduction  of  the  multiple  equilihrium  analysis  it  is  possible  to 
examine  adsorption  data  collected  at  temperatures  below  the  critical 
temperature  (Tc)  of  the  adsorptive  rather  than  above  it  (Chapters  2 and  3). 
The  transition  from  the  filling  of  the  smaller  micropores  to  filling  the  larger 
(>  2 molecular  dimensions)  micropores  where  multiple  layers  of  condensed 
adsorptive  are  probable  is  of  particular  interest.  The  purpose  of  the  study  of 
adsorption  below  Tc  is  not  to  necessarily  gather  information  about  the  larger 
pores  using  the  MEA,  although  that  may  be  a result,  but  rather  to  gain 
insight  into  the  adsorption  processes  that  occur  in  the  liquid  phase.  The 
adsorption  of  ethane  and  sulfur  hexafluoride  at  temperatures  below  their 
respective  critical  temperatures  is  examined  using  MEA. 

Multilayer  Formation  on  a Homogeneous  Surface 

Figure  4.1  shows  a simple  representation  of  multiple  layers  of  adsorptive 
condensed  on  a homogeneous  surface.  The  first  layer  is  characterized  by  a 
strong  interaction  with  the  surface  and  provides  a new  adsorption  surface  for 
the  second  layer.  The  layers  continue  to  form  until  one  layer  cannot  be 
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Figure  4.1;  Representation  of  multiple  adsorbed  layers  on  a homogeneous 
surface. 
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differentiated  from  the  previous  layer  and  the  sum  of  the  layers  resembles 
the  bulk  hquid. 

Brunauer,  Emmett,  and  Teller  used  the  above  view  to  derive  the  BET 
equation,  described  in  Chapter  1 [59],  The  BET  equation  is  an  adaptation  of 
Langmuir’s  model  that  attempts  to  extrapolate  from  the  last  adsorbed  layer, 
through  the  bulk  of  the  fluid,  to  the  surface  layer,  and  extract  surface  area 
information  regarding  the  sohd.  It  is  also  possible  to  gain  information 
concerning  the  interaction  between  the  surface  and  the  first  adsorbed  layer 
from  the  BET  C constant  [1,59].  However,  lateral  interactions  between 
adsorbed  molecules  are  neglected  in  the  BET  treatment,  hmiting  the  values 
that  are  obtained  [1], 

Other  treatments  of  multilayer  formation  on  homogeneous  surfaces  exist 
[111,113],  but  the  BET  is  by  far  the  most  encountered  model  and  is  vahd  for 
many  cases  of  multiple  layer  formation  on  homogeneous  surfaces.  Many 
attempts  have  been  made  to  modify  the  BET  to  include  lateral  interactions 
between  adsorbed  molecules,  but  their  relevance  to  the  following  discussion  is 
hmited  [73,74,114]. 

Pore  Filling  and  Cooperative  Adsorption 

Since  most,  if  not  all,  of  the  activity  of  carbonaceous  adsorbents  is  found 
within  the  microporosity  of  these  materials,  it  is  important  that  the 
mechanism  of  pore  filling  be  understood.  The  volume  filling  micropore  theory 
(VFMT)  proposes  a progressive  filling  of  the  micropore  volume  with  the 
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smallest  pores  filling  first  [14],  VFMT  is  consistent  with  the  definition  of 
MEA  described  in  Chapter  2.  There  are  other  proposed  mechanisms  but  two 
in  particular  are  significant  enough  to  warrant  further  discussion, 
specifically,  these  are  primary  and  cooperative  micropore  filling 

Primary  micropore  fiUing  occurs  in  the  smallest  micropores  with  widths  of 
~l-2  molecular  diameters.  The  driving  force  for  adsorption  in  these  pores  is 
the  potential  field  overlap  that  exists  between  the  opposite  walls  of  the  pores. 
Everett  and  Fowl  have  shown  that  the  maximum  enhancement  from  this 
effect  occurs  in  sht-shaped  pores  roughly  1 molecular  diameter  in  width  [10]. 
At  widths  greater  than  ~2  molecular  diameters,  the  enhancement  is 
negligible  and  adsorption  approaches  that  on  a single  graphitic  surface.  The 
micropores  associated  with  this  mechanism  range  from  3 to  7 A in  width.  The 
pores  associated  with  primary  micropore  filhng  are  associated  with  Processes 
I-III  in  the  MEA  of  adsorption  above  Tc. 

In  cooperative  micropore  filling.  Figure  4.2,  a surface  site  adjacent  to  an 
adsorbate  molecule  attracts  another  adsorptive  molecule  [115,116].  The 
combination  of  the  attractive  potential  of  the  surface  and  adsorbate 
effectively  increases  the  overall  potential  “seen”  by  the  adsorptive.  This 
interaction  not  only  involves  adsorbent/adsorbate  interactions  but  also 
adsorbate/adsorbate  interactions  and  an  entropic  contribution.  The 
monolayer-induced  micropore  filhng  model  (MIMF)  has  recently  been  apphed 
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Figure  4.2:  Representation  of  cooperative  adsorption  in  a large  micropore  (~4 
molecular  diameters  in  width). 
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to  cooperative  micropore  filling  [115,116],  It  postulates  that  a distinct 
monolayer  forms  on  each  of  the  opposite  walls  in  sfit-shaped  pores  that  are  3- 
4 molecular  diameters  in  width.  Completion  of  these  layers  is  described  as  a 
phase  transition  to  a disordered  sohd  state.  The  result  is  a pore  with  a width 
of  ~l-2  molecular  diameters.  As  in  the  primary  micropore  filling  mechanism, 
the  potential  overlap  of  the  walls  of  the  pore  that  is  now  effectively  2 
molecular  diameters  in  width  may  enhance  additional  adsorption,  filling  the 
pore.  In  either  case,  adsorption  of  this  type  is  restricted  to  larger  micropores 
with  widths  between  7 and  IsA  [115,116],  It  is  adsorption  in  this  size  regime 
and  the  smaller  mesopores  that  will  be  most  important  to  the  MEA  of 
adsorption  below  Tc. 

MEA  Multilayers 

To  examine  the  effects  of  multilayer  formation  in  microporous  carbons, 
adsorption  isotherms  were  collected  at  temperatures  below  the  Tc  of  the 
adsorptive  used.  The  experimental  details  have  been  outlined  in  Chapter  2. 
Isotherms  were  collected  for  ethane  adsorption  by  A572  at  100,  70,  55,  40,  25, 
—16,  —43,  —62,  and  -84°C.  Isotherms  for  sulfur  hexafluoride  adsorption  were 
collected  at  95,  80,  65,  50,  30,  0,  and  — 16°C.  Details  of  the  MEA  fits  of  the 
experimental  data  will  be  presented  where  appropriate. 

Figure  4.3  shows  the  experimental  (sohd  triangles)  and  MEA  calculated 
adsorption  isotherms  for  ethane  adsorption  by  A572.  At  temperatures  above 
Tc,  32.3°C  for  ethane,  the  adsorption  is  dominated  by  surface/adsorptive 
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Equilibrium  Pressure  (atm) 

Fi^re  4.3:  Experimental  and  calculated  adsorption  isotherms  for  ethane 
adsorption  by  A572  at  40°C.  The  Process  resolved  isotherms  are  included  to 
show  the  progression  to  saturation.  At  1 atm,  Process  I is  >99%  complete,  II 
is  94%  complete,  and  III  is  57%  complete. 
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interactions  in  the  smaller  micropores  (<  ~2  molecular  diameters).  As  the 
temperature  decreases,  the  adsorptive/adsorptive  interactions  increase,  thus 
increasing  the  total  adsorption  more  than  is  predicted  by  the  MEA.  The 
increasing  adsorptive/adsorptive  interaction  is  shown  in  Figure  4.4  in  the 
form  of  van  der  Waals  isotherms  calculated  at  the  experimental 
temperatures.  The  increasing  minimum  is  a consequence  of  the  increasing 
adsorptive/adsorptive  interaction  with  decreasing  temperature.  The  negative 
pressure  at  -84'’C  shows  the  hmitations  of  the  model. 

At  7°C  below  the  critical  temperature  of  ethane.  Figure  4.5,  the  adsorption 
predicted  from  the  MEA  of  the  adsorption  data  collected  above  Tc  is  close  to 
that  experimentally  obtained.  However,  when  the  25“C  data  is  included  in 
the  MEA  fit  with  the  four  temperature  sets  collected  above  Tc,  an 
unacceptable  fit  results.  Since  the  25°C  data  does  not  work  in  the  overall  fit, 
normally  data  collected  below  the  critical  temperature  of  the  adsorptive  are 
not  included  in  MEAs,  it  could  be  concluded  that  an  another  interaction  is 
occurring  that  is  not  present  above  Tc. 

The  “new”  interaction  is  more  visible  in  the  lower  temperature  adsorption 
data.  Figure  4.6  shows  the  deviation  of  the  experimental  data  from  the  MEA 
calculated  isotherm  at  — 16°C.  The  calculated  isotherms  are  based  on  the  m’s 
and  Ki’s  obtained  from  the  MEA  of  the  data  collected  at  temperatures  above 
Tc.  The  Ki’s  are  calculated  from  the  weighted  least-squares  regression  of  the 
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Figure  4.5:  Experimental  and  calculated  adsorption  isotherms  for  ethane 
adsorption  by  A572  at  25°C.  At  1 atm,  Process  1 is  >99%  complete,  II  is  97% 
complete,  and  III  is  70%  complete. 
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Figure  4.6:  Experimental  and  calculated  adsorption  isotherms  for  ethane 
adsorption  by  A572  at  -16“C.  At  1 atm,  Process  I is  100%  complete,  II  is  >99% 
complete,  and  III  is  93%  complete. 
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The  deviation  of  the  calculated  isotherm  from  the  experimental  isotherm 
has  two  reasonable  explanations.  First,  the  MEA  value  for  ns  for  ethane  was 
underestimated  because  of  a small  number  of  points  available  to  adequately 
define  Process  III.  If  this  were  the  case,  it  would  have  been  apparent  in  the 
MEA  fit  of  the  adsorption  data  collected  above  Tc.  Additionally,  if  the  MEA 
fit  of  the  data  were  acceptable,  the  error  in  ns  is  0.3  mmoles  while  difference 
between  the  calculated  and  the  experimental  isotherms  is  ~ 1 mole  at  1 atm. 
The  second  possibihty,  as  mentioned  above,  is  that  another  Process  is 
occurring  below  Tc.  The  physical  significance  of  this  new  Process  is  not  yet 
known,  but  it  will  be  designated  Process  IV  for  now. 

Examination  of  the  ethane  adsorption  at  -84°C  shows  the  potential 
magnitude  of  Process  IV,  Figure  4.7.  The  difference  between  the 
experimental  and  calculated  adsorption  at  1 atm  is  ~ 4 mmoles.  This  is 
approximately  twice  the  amount  adsorbed  at  40°C.  Again,  the  question  arises 
“What  is  the  physical  reality  of  Process  IV?”  It  is  possible  that  Process  IV  is 
associated  with  cooperative  pore  filling  in  the  larger  micropores  (<  3-4 
molecular  diameters)  or  capillary  condensation  in  the  mesopores.  Capdlary 
condensation  would  hkely  have  an  equilibrium  constant  consistent  with  the 
enthalpy  and  entropy  of  vaporization  (condensation)  and  would  be  considered 
as  the  last  Process  to  occur  as  one  approaches  the  normal  boihng  point  of  the 
adsorptive.  At  — 84°C,  the  experimental  adsorption  was  collected  only  5°C 
from  the  normal  boiling  point  of  ethane. 


moles  adsorbed 
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Fi^re  4.7:  Experimental  and  calculated  adsorption  isotherms  for  ethane 
adsorption  hy  A572  at  -84°C.  At  1 atm,  Process  1 is  100%  complete,  II  is  100% 
complete,  and  III  is  >99%  complete. 
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It  is  probable  that  Process  IV  is  associated  with  cooperative  pore  filling  in 
pores  a few  molecular  diameters  in  width,  Figure  4.2.  The  K associated  with 
this  type  of  adsorption  will  be  similar  to  that  found  for  Process  III  in 
adsorption  above  Tc.  As  was  mentioned  before,  the  pore  restriction  that 
occurs  as  a monolayer  is  adsorbed  on  opposite  walls  creates  a new  effective 
“pore”  that  is  ~2  molecular  diameters  wide  (using  the  example  in  Figure  4.2), 
which  leads  to  the  enhanced  adsorption  introduced  by  Everett  and  Powl. 
Seemingly,  many  possible  “effective  pore  sizes”  are  possible  in  the  micropore 

o 

region  (<  20  A).  It  is  also  more  than  hkely  that  the  Processes  that  define  the 
“effective  pore  sizes”  overlap  with  the  Processes  defining  the  adsorption  above 
Tc.  The  overlapping  Processes  make  resolution  much  more  difficult  and 
attempts  to  do  so  have  not  been  successful  to  date. 

Concluding  Remarks 

The  purpose  of  stud5dng  adsorption  data  collected  below  the  critical 
temperature  of  the  adsorptive  using  the  MEA  was  to  attempt  to  explain 
multilayer  formation  in  quahtative  as  well  as  quantitative  terms.  The 
information  gained  would  be  particularly  useful  in  studying  liquid-sohd 
adsorption  processes  where  several  competing  equihbria  are  occurring 
simultaneously.  However,  it  seems  that  the  MEA  may  not  be  weU  suited  for 
studying  adsorption  below  Tc.  The  adsorption  processes  occurring  below  Tc 
are  so  quantitatively  similar  to  those  that  occur  above  Tc  that  they  may 
preclude  resolution,  although  their  physical  interpretation  is  different  from 
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the  above  Tc  case.  An  area  to  be  explored  in  the  near  future  is  the  possible 
separation  of  adsorptive/adsorptive  from  sohd/adsorptive  interactions  at 
temperatures  below  Tc.  If  this  can  be  achieved,  resolution  of  these 
“subcritical”  Processes  may  be  possible. 


CHAPTER  5 

SUMMARY  AND  CONCLUDING  REMARKS 


The  research  presented  in  this  dissertation  focused  on  the  theoretical 
description  of  micropore  filling  using  a new  adsorption  model  and  on  the 
evaluation  of  the  model  parameters  used  to  quantify  specific  properties  of  the 
gas  / sohd  adsorption  system.  In  Chapter  2,  the  basis  of  the  model,  the 
Multiple  EquOibrium  Analysis  (MEA),  was  described  and  MEA  derived 
quantities  were  used  to  compare  and  contrast  five  activated  carbon  materials. 
In  Chapter  3,  MEA  derived  quantities  were  used  to  introduce  pore  size 
distributions  (PSDs)  for  the  sohds  studied  and  suggested  the  use  of  MEA- 
PSDs  in  the  prediction  of  adsorption  isotherms.  In  chapter  4,  multilayer 
formation  was  addressed  in  a manner  consistent  with  the  MEA. 

The  ultimate  goal  of  developing  the  MEA  was  to  gain  a fundamental 
understanding  of  adsorptive-adsorbent  interactions  and  apply  the 
information  obtained  to  the  rational  design  of  new  adsorbents  tailored  to 
specific  adsorptives  of  interest.  The  utihty  of  the  MEA  to  interpret 
adsorption  isotherms  was  examined  and  the  parameters  obtained  were 
shown  to  be  meaningful  within  the  context  of  the  model.  Adsorptives  were 
selected  that  vary  in  size  and  polarizabOity  to  permit  adsorbent 
characterization  in  terms  of  these  physical  properties.  The  equdibrium 
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constants  (Ki’s),  capacities  (m’s),  and  enthalpies  (-AHi’s)  obtained  from  the 
analysis  of  the  varied  adsorptives  were  then  used  to  directly  compare  five 
activated  carbon  adsorbents. 

The  utility  of  the  mxdtiple  equihbrium  analysis  (MEA)  has  been  shown  for 
the  thermodynamic  and  physical  characterization  of  porous  carbonaceous 
materials.  The  thermodynamic  characterization  reveals  differences  in 
materials  that  are  not  readily  apparent  when  traditional  physical 
characterization  techniques  are  used,  for  example,  BET.  The  physical 
quantities  that  result  from  the  m’s,  surface  area  and  pore  volume,  have  been 
shown  to  be  more  reafistic  estimates  than  other  methods  provide. 
Specifically,  these  values  represent  “usable”  space  within  these  materials. 

The  -AHi  values  determined  in  the  MEA  make  it  possible  to  predict 
adsorption  equilibrium  constants  based  on  a physical  characteristic  of  an 
adsorptive  molecule,  the  van  der  Waals  a constant.  The  ability  to  predict  an 
entire  adsorption  isotherm  will  result  when  the  m values  can  be  predicted  in 
a rehable  fashion  from  a MEA  pore  size  distribution  (MEA-PSD). 

The  pore  size  distribution  (PSD)  for  a porous  material  is  an  essential  piece 
of  information  for  selecting  a material  for  a specific  application.  With 
crystaUine  materials  such  as  zeolites,  the  width  of  the  distribution  is  narrow 
and  an  idea  of  the  average  pore  size(s)  can  be  determined  from 
crystallography.  The  determination  of  pore  sizes  is  a little  more  difficult  for 
amorphous  materials,  for  example,  carbons,  sdicas,  and  aluminas,  which 
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usually  have  a wide  distribution  of  pore  sizes  and  may  actually  possess  more 
than  one  average  pore  size. 

The  goal  of  pursuing  a Multiple  Equdibrium  Analysis  derived  Pore  Size 
Distribution  (MEA-PSD)  was  to  obtain  a method  for  predicting  m values  for  a 
new  adsorptive  on  a MEA  characterized  sohd.  Although  this  goal  has  not 
been  reached,  progress  has  been  made  in  its  attainment.  The  -AHi’s  and  - 
ASi’s  from  the  MEA  have  been  used  to  find  InK  distributions  associated  with 
N2,  CH4,  and  SFe  adsorption  on  the  sohds  studied.  The  use  of  several 
spherically  symmetric  adsorptive  molecules  allowed  the  effective  mapping  of 
the  micropore  region  < 10  A in  width.  The  InK  distributions  correlate  to  pore 
width  and  permit  the  determination  of  a pore  volume  / pore  width 
distribution.  It  is  hoped  that  volume  / width  distribution  will  allow  the  direct 
calculation  of  m values  for  use  in  isotherm  prediction. 

The  purpose  of  studying  adsorption  data  collected  below  the  critical 
temperature  of  the  adsorptive  using  the  MEA  was  to  attempt  to  explain 
multilayer  formation  in  quahtative  as  well  as  quantitative  terms.  The 
information  gained  would  be  particularly  usefvd  in  studying  hquid-sohd 
adsorption  processes  where  several  competing  equdibria  occur 
simultaneously.  However,  it  seems  that  the  MEA  is  not  well  suited  for 
studying  adsorption  below  Tc.  The  adsorption  processes  occurring  below  Tc 
are  so  quantitatively  similar  to  those  that  occur  above  Tc  that  they  preclude 
resolution,  although  the  physical  interpretation  of  the  below  Tc  adsorption 
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Processes  is  different  from  the  above  Tc  case.  An  area  to  be  explored  in  the 
near  future  is  the  possible  separation  of  adsorptive/adsorptive  from 
sohd/adsorptive  interactions  at  temperatures  below  Tc.  If  this  can  be 
achieved,  resolution  of  the  Processes  associated  with  adsorption  below  Tc 
may  be  possible. 


APPENDIX  A 
ADSORPTION  DATA 


The  following  is  a typical  pressure  table  used  in  the  adsorption 
experiments  described  in  the  text  (pressure  in  torr). 


1.0 

11.0 

28.0 

100.0 

500.0 

2.0 

12.0 

30.0 

110.0 

550.0 

3.0 

13.0 

35.0 

120.0 

600.0 

4.0 

14.0 

40.0 

150.0 

650.0 

5.0 

16.0 

45.0 

200.0 

700.0 

6.0 

18.0 

50.0 

250.0 

750.0 

7.0 

20.0 

60.0 

300.0 

8.0 

22.0 

70.0 

350.0 

9.0 

24.0 

80.0 

400.0 

10.0 

26.0 

90.0 

450.0 

The  following  data  was  collected  as  described  in  the  text  and  should  be 
read  as  shown  in  the  graphic  below. 


121 


122 


PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

N2  / A563  / 

0 

e 

CO 

o> 

1 

1 .0064 

0.1797 

N2  / A563  / -43"C 

1 .0452 

1.1372 

1.9884 

0.3734 

0.3894 

0.0261 

3.0429 

3.2003 

3.0419 

0.5745 

0.5709 

0.0402 

5.0370 

4.8902 

3.9924 

0.7523 

0.7111 

0.0509 

7.1056 

6.4120 

4.9967 

0.9375 

0.8285 

0.0597 

9.2260 

7.7882 

6.2896 

1.1779 

0.8926 

0.0645 

1 1 .0877 

8.8601 

7.2204 

1.3233 

0.9769 

0.0711 

13.1563 

9.9789 

8.4616 

1.5388 

1.0571 

0.0772 

15.2766 

1 1 .0276 

9.6511 

1 .7493 

2.0071 

0.1569 

18.1209 

12.4522 

10.1165 

1.8195 

3.0274 

0.2419 

21.1721 

13.8380 

10.9439 

1.9698 

4.0002 

0.3223 

25.1025 

15.3787 

12.0299 

2.1354 

5.0008 

0.4045 

35.6006 

18.8884 

13.2194 

2.3508 

5.9834 

0.4856 

45.6333 

21.6600 

14.2537 

2.5063 

7.1212 

0.5827 

55.3557 

23.9455 

16.5809 

2.8725 

8.8278 

0.7183 

65.3367 

25.9878 

18.2875 

3.1383 

9.3966 

0.7618 

75.4212 

27.8522 

19.9423 

3.3941 

10.4309 

0.8383 

85.4022 

29.4766 

22.4764 

3.7655 

10.9481 

0.8815 

90.4702 

30.2640 

24.0795 

4.0013 

12.3444 

0.9852 

100.3478 

31.6727 

26.0447 

4.2674 

12.9650 

1.0340 

110.1736 

32.9537 

27.8030 

4.5085 

14.2578 

1.1321 

115.1383 

33.5477 

30.3371 

4.8547 

15.8610 

1 .2620 

120.8786 

34.2223 

35.1983 

5.4827 

17.8779 

1 .4096 

150.4079 

37.3666 

40.2663 

6.1208 

19.8430 

1 .5620 

201.7609 

41.7944 

45.3861 

6.7391 

22.0668 

1.7308 

225.8601 

43.5244 

49.7302 

7.2321 

24.0320 

1.8681 

250.7350 

45.1095 

60.1766 

8.3794 

25.9971 

2.0104 

301.1054 

47.9800 

70.3645 

9.4074 

27.9623 

2.1578 

350.7518 

50.3885 

80.0352 

10.3404 

29.9792 

2.2954 

400.5016 

52.4763 

89.2922 

11.1726 

35.4093 

2.6694 

451.0789 

54.3437 

100.3074 

12.1312 

39.7016 

2.9612 

500.4667 

55.9924 

109.2541 

12.8485 

44.7180 

3.2880 

550.1649 

57.4791 

120.0626 

13.6925 

49.5275 

3.6030 

601 .2076 

58.8818 

150.0573 

15.8283 

60.3359 

4.2812 

650.1816 

60.1110 

200.8931 

18.9394 

69.4377 

4.8333 

701.1209 

61.3052 

249.9707 

21.5109 

79.2636 

5.4051 

760.2829 

62.5673 

299.8756 

23.7947 

90.2272 

6.0198 

N2  / A563  / 

1 

o> 

ro 

e 

o 

349.9358 

25.8325 

99.3807 

6.5224 

0.2943 

0.0441 

400.0476 

27.6681 

109.3100 

7.0500 

0.4691 

0.0788 

450.0043 

29.3343 

119.2910 

7.5479 

0.5787 

0.0992 

500.0644 

30.8663 

150.1648 

9.0082 

0.6775 

0.1174 

550.2280 

32.2840 

200.5870 

11.1599 

0.7649 

0.1337 

600.2363 

33.5969 

250.1299 

13.0500 

0.8435 

0.1487 

650.1414 

34.8251 

300.0349 

14.7706 

0.8838 

0.1566 

700.1497 

35.9788 

350.0950 

16.3505 

0.9474 

0.1687 

750.2098 

37.0629 

400.4137 

17.8074 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

450.1636 

19.1493 

399.4937 

55.9897 

349.7801 

35.7324 

500.1720 

20.4198 

450.0710 

57.7867 

399.8919 

37.7837 

550.2838 

21.5908 

499.9243 

59.3651 

449.7969 

39.6316 

600.0853 

22.6902 

550.0361 

60.7832 

500.1156 

41.3110 

650.2489 

23.7418 

599.9410 

62.0732 

549.9171 

42.8381 

700.3090 

24.7335 

650.0529 

63.2574 

600.1841 

44.2508 

750.1623 

25.6776 

700.1647 

64.3271 

649.9340 

45.5626 

CO  / A563  y 

-93"C 

749.9146 

65.3073 

700.2526 

46.7778 

1.1615 

3.3829 

CO  / A563  / 

-62"C 

749.9507 

47.9085 

2.0076 

5.3238 

1 .0224 

0.4233 

CO  / A563  / -43"C 

3.0739 

7.3229 

1.9833 

0.8114 

1.3275 

0.2013 

3.9722 

8.6912 

3.0114 

1.2101 

1.9962 

0.3094 

4.9600 

9.9207 

3.9976 

1.5779 

3.0155 

0.4728 

5.9426 

10.3283 

4.9962 

1.9380 

4.0038 

0.6291 

6.9769 

11.3867 

6.1856 

2.3365 

5.0019 

0.7845 

8.2180 

12.5630 

7.2199 

2.6793 

5.9845 

0.9477 

8.9938 

13.2099 

8.2542 

3.0072 

7.3808 

1.1547 

9.9246 

13.9454 

9.2885 

3.3250 

8.1048 

1.2609 

11.0624 

14.7495 

9.9091 

3.5317 

9.0356 

1.3989 

11.9415 

15.2865 

11.3054 

3.9453 

10.2768 

1.5746 

12.8724 

15.8629 

1 1 .9260 

4.1318 

11.4145 

1.7395 

13.9067 

16.4982 

13.3740 

4.5354 

12.5523 

1.8993 

16.1304 

17.7236 

13.9429 

4.7169 

12.9143 

1 .9524 

17.8887 

18.6484 

16.1666 

5.3070 

13.8969 

2.0860 

20.0091 

19.6557 

18.2869 

5.8770 

16.1206 

2.3854 

22.0777 

20.5440 

19.8384 

6.2654 

18.6546 

2.7275 

24.2497 

21.3673 

22.3207 

6.8606 

20.1027 

2.9251 

26.3183 

22.0967 

23.8722 

7.2339 

21.9127 

3.1562 

27.8180 

22.5808 

26.5096 

7.8294 

24.6536 

3.4955 

30.2486 

23.3333 

27.9576 

8.1526 

25.9982 

3.6774 

34.7995 

24.7305 

29.8711 

8.5616 

27.9633 

3.9150 

40.3330 

26.2862 

34.8357 

9.5910 

29.7216 

4.1308 

45.1425 

27.4589 

40.2658 

10.6257 

34.9449 

4.7427 

50.1589 

28.5406 

45.0236 

11.4838 

40.2198 

5.3306 

59.8813 

30.5181 

50.0917 

12.3471 

45.3396 

5.8921 

70.4312 

32.4014 

59.7107 

13.8826 

49.7354 

6.3574 

79.9985 

33.8679 

70.2605 

15.3929 

60.4404 

7.4116 

89.8243 

35.2131 

79.8795 

16.6767 

70.0593 

8.3066 

100.1673 

36.4729 

90.1708 

17.9399 

79.2129 

9.1186 

110.0449 

37.5463 

99.9966 

19.0727 

90.2799 

10.0387 

120.0259 

38.5388 

110.1845 

20.1654 

99.1749 

10.7438 

150.6929 

41.5423 

120.0621 

21.1621 

110.1902 

11.5798 

199.5635 

45.6621 

149.3327 

23.8127 

119.2403 

12.2323 

250.9165 

49.0769 

201.0477 

27.7163 

150.1659 

14.2940 

300.2526 

51.7294 

249.6599 

30.7449 

200.9500 

17.2331 

350.4162 

54.0127 

299.2545 

33.3898 

249.9758 

19.6693 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

299.5705 

21.8485 

151.5591 

50.6487 

100.0959 

30.1308 

349.9409 

23.8119 

201.4123 

54.9734 

109.7149 

31.4010 

399.7942 

25.5804 

250.2830 

58.3100 

120.3165 

32.6839 

450.1129 

27.2028 

299.1537 

61.0136 

149.1217 

35.7507 

499.9661 

28.6874 

349.2138 

63.3695 

201.4056 

40.2034 

550.0262 

30.0750 

399.8428 

65.4128 

249.1386 

43.4351 

600.1898 

31.3554 

449.7478 

67.1859 

299.6124 

46.2816 

649.8879 

32.5523 

499.9113 

68.7778 

349.4657 

48.6792 

700.1549 

33.6817 

550.0749 

70.1894 

399.6292 

50.7864 

749.9564 

34.7479 

599.8247 

71.4779 

449.8445 

52.6511 

CH4  / A563  / -62"C 

650.1434 

72.6643 

499.9563 

54.3125 

0.7038 

1 .9257 

699.8932 

73.7229 

549.9647 

55.8050 

0.8771 

2.4060 

749.8499 

74.7256 

599.9214 

57.1683 

1 .0684 

2.8889 

CH4  / A563  / -43”C 

650.0333 

58.4285 

1 .9874 

5.0646 

0.9764 

1.0235 

700.0416 

59.5895 

3.0227 

6.9860 

0.9929 

1.0399 

750.0500 

60.6617 

3.9691 

8.5416 

1.0090 

1 .0564 

CH4/ A563/-16"C 

4.9988 

10.0169 

1.9869 

1.9972 

0.6407 

0.1530 

6.0331 

1 1 .2708 

3.0248 

2.8991 

1.1367 

0.2817 

7.0157 

12.4043 

3.9681 

3.6618 

2.0314 

0.5152 

7.9465 

13.3925 

4.9920 

4.4349 

3.0165 

0.7663 

8.9808 

14.4301 

6.0263 

5.1499 

3.9991 

1.0113 

9.9117 

15.3127 

7.0606 

5.8154 

5.0003 

1.2554 

10.9460 

16.2098 

8.0432 

6.4508 

6.2932 

1.5586 

12.0320 

17.1417 

8.9741 

7.0114 

7.0689 

1 .7347 

12.9112 

17.8742 

10.0084 

7.5875 

8.1032 

1.9743 

13.8938 

18.5961 

10.9910 

8.1385 

9.1375 

2.1992 

15.9106 

20.0248 

12.0770 

8 6998 

9.9650 

2.3761 

18.0310 

21  4183 

13.0079 

9.1959 

10.9475 

2.5952 

20.0996 

22.6515 

14.0939 

9.7423 

12.3439 

2.8855 

21.9613 

23.6803 

16.1108 

10.6858 

13.1196 

3.0320 

23.9265 

24.7089 

18.0759 

1 1 .5495 

13.9987 

3.2246 

26.0985 

25.7364 

20.1445 

12.4041 

16.0156 

3.6143 

28.0637 

26.6499 

22.2131 

13.2288 

18.3428 

4.0589 

30.1840 

27.5775 

24.3852 

14.0145 

19.9977 

4.3635 

35.2520 

29.5649 

26.2986 

14  7147 

21.8077 

4.6954 

39.9581 

31.2527 

27.8501 

15.2391 

23.8246 

5.0605 

45.1296 

32.9084 

30.1773 

16.0061 

26.4103 

5.5094 

49.9391 

34.3101 

34  7799 

17.4014 

28.1686 

5.7961 

60.1787 

36.9606 

40.0031 

18.8798 

29.9787 

6.0888 

70.1597 

39.1711 

45.1746 

20.2042 

35.2536 

6.9243 

79.7787 

41.0468 

49.9324 

21.3576 

40.4768 

7.7046 

89.9148 

42.8154 

60.2237 

23.5502 

44.6140 

8.2989 

99.9475 

44.4040 

69.8427 

25.4017 

50.1992 

9.0658 

110.1354 

45.8416 

80.1339 

27.1579 

60.3871 

10.3854 

120.0646 

47.1259 

89.9081 

28.6836 

70.2647 

11.5518 
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PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

80.0388 

12.6374 

90.1749 

13.6900 

99.0699 

14.5642 

110.1886 

15.5855 

119.1870 

16.3770 

150.4229 

18.8535 

201 .0002 

22.2383 

249.9743 

24.9947 

299.4655 

27.4007 

349.7842 

29.5553 

399.9995 

31.4664 

449.9562 

33.1844 

500.2232 

34.7711 

550.3867 

36.2084 

599.8780 

37.5257 

650.1967 

38.7582 

699.9982 

39.9081 

750.1617 

40.9948 

C2H6  / A563  / 40"C 

0.4587 

0.4969 

0.8724 

0.9364 

1 .3079 

1.3767 

1.9931 

2.0424 

3.0108 

2.8970 

3.9903 

3.6721 

5.0712 

4.4101 

6.1055 

5.1024 

7.1398 

5.6973 

8.1224 

6.2602 

9.3118 

6.9206 

10.1910 

7.3630 

11.2253 

7.8454 

11.8976 

8.1442 

12.9836 

8.5920 

14.2247 

9.1206 

16.2933 

9.9315 

18.3619 

10.6760 

19.8099 

11.1841 

22.3957 

12.0034 

23.9471 

12.4836 

25.8606 

13.0448 

28.3946 

13.7705 

30.0495 

14.2124 

35.1176 

15.3973 

39.9788 

16.4650 

45.3054 

17.4932 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

50.1149 

18.4261 

60.8199 

20.0797 

70.0769 

21.4047 

79.4891 

22.5489 

90.1423 

23.8124 

99.8648 

24.7703 

109.3286 

25.6763 

120.2922 

26.6705 

151.2178 

28.8993 

199.7782 

31.6077 

250.3554 

33.8962 

299.7433 

35.6910 

349.4413 

37.1946 

399.8118 

38.5010 

449.3547 

39.6632 

499.5183 

40.6882 

549.7336 

41.5714 

599.5351 

42.4030 

649.4918 

43.2334 

700.1725 

43.8933 

751.0601 

44.5840 

C2H6  / A563  / 55“C 

0.3848 

0.2098 

0.7126 

0.4025 

1.0033 

0.5679 

1 .9972 

1.1174 

3.0393 

1 .6490 

4.0120 

2.1146 

5.0014 

2.5521 

6.1391 

3.0303 

7.1734 

3.4365 

8.4145 

3.9021 

9.1903 

4.1881 

10.2763 

4.5855 

11.0520 

4.8118 

12.2932 

5.2227 

13.0172 

5.4577 

13.8963 

5.7559 

15.9132 

6.3135 

18.1887 

6.9314 

20.4124 

7.5631 

22.2225 

7.9568 

24.2393 

8.4447 

25.7908 

8.8275 

28.3248 

9.4363 

30.2383 

9.7876 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

34.8409 

10.7561 

40.9950 

11.8792 

45.0805 

12.4880 

50.3554 

13.3374 

60.6984 

14.7829 

70.0588 

15.9876 

79.5227 

17.0057 

90.2794 

18.1423 

99.0709 

19.0608 

109.7242 

19.8927 

120.4292 

20.8491 

151.3548 

22.9362 

199.7083 

25.5873 

249.5099 

27.8451 

299.5700 

29.8029 

349.7336 

31.2684 

400.7762 

32.6345 

450.2675 

33.8548 

499.3450 

34.9030 

551.3186 

35.9020 

601.2236 

36.7801 

649.1634 

37.6139 

699.9475 

38.2832 

751.3522 

39.0217 

C2H6  / A563  / 70“C 

0.3837 

0.0276 

0.2281 

0.0544 

0.4137 

0.1042 

0.5389 

0.1412 

0.6376 

0.1703 

0.7142 

0.1933 

0.7778 

0.2109 

0.8285 

0.2245 

0.8445 

0.2279 

0.8662 

0.2319 

0.8869 

0.2354 

0.9019 

0.2385 

0.9169 

0.2405 

0.9371 

0.2449 

0.9748 

0.2545 

1.0110 

0.2644 

2.0024 

0.5726 

3.0915 

0.9037 

4.0069 

1.1717 

5.0076 

1 .4502 

5.9901 

1 .6372 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

6.9727 

1.8952 

5.0065 

0.6825 

3.9831 

1.7303 

8.0070 

2.1548 

6.0408 

0.8295 

5.2398 

2.1286 

9.3516 

2.4947 

7.7474 

1.0377 

6.1701 

2.3734 

10.1273 

2.6854 

8.2646 

1.1038 

7.0493 

2.6019 

1 1 .0582 

2.8962 

9.2989 

1.2310 

8.2904 

2.9300 

1 1 .9374 

3.0951 

10.9020 

1.4210 

9.0662 

3.1256 

13.1268 

3.3643 

11.3675 

1.4854 

10.0487 

3.3417 

14.0060 

3.5634 

12.2983 

1.5995 

11.0830 

3.5992 

16.1263 

4.0279 

13.7981 

1.7813 

12.0139 

3.7937 

17.9363 

4.3866 

14.3669 

1 .8342 

12.8931 

3.9919 

20.4703 

4.8737 

16.4355 

2.0739 

13.9274 

4.2142 

22.0735 

5.1806 

18.0904 

2.2460 

16.2028 

4.6192 

23.9870 

5.5222 

19.8487 

2.4609 

18.5817 

5.0466 

25.8487 

5.8724 

21.9173 

2.6711 

20.0815 

5.3060 

27.9173 

6.1882 

23.9342 

2.8748 

21.8915 

5.6134 

29.7790 

6.4925 

25.7960 

3.0930 

24.4772 

6.0363 

35.2091 

7.3450 

28.1231 

3.2920 

26.1838 

6.2708 

39.6566 

8.0008 

30.4503 

3.5252 

27.9938 

6.5229 

44.6213 

8.6619 

35.4667 

4.0089 

29.8039 

6.7603 

50.3099 

9.3699 

39.9659 

4.3821 

34.9754 

7.3500 

60.1875 

10.5170 

45.6028 

4.8910 

40.4054 

7.9768 

70.3236 

11.5912 

50.1020 

5.2346 

44.8012 

8.4359 

79.6840 

12.4641 

60.3416 

6.0363 

49.8176 

8.8811 

90.5442 

13.4628 

70.5811 

6.8035 

59.7986 

9.7055 

99.6460 

14.2019 

79.7347 

7.4171 

69.3658 

10.3942 

109.5236 

14.9581 

89.5088 

8.0713 

79.4503 

1 1 .0556 

120.3320 

15.7329 

99.7484 

8.6364 

89.4313 

1 1 .6494 

150.3267 

17.6370 

109.2640 

9.2223 

99.5674 

12.1929 

201.1626 

20.2303 

119.6070 

9.7957 

109.7035 

12.6598 

250.4470 

22.3230 

150.2740 

11.3122 

119.6328 

13.1180 

299.8348 

24.0394 

200.6961 

13.4034 

150.5067 

14.2492 

351.2912 

25.6427 

251.1182 

15.1941 

199.7394 

15.6748 

399.4896 

26.9734 

299.5235 

16.7366 

249.2823 

16.8071 

450.3771 

28.0852 

350.3076 

18.0610 

299.9113 

17.7232 

501.1613 

29.1733 

401.4020 

19.3118 

349.5577 

18.5167 

549.6699 

30.2096 

449.5487 

20.4666 

400.2901 

19.1900 

600.6609 

31.0150 

501.1085 

21.3867 

449.7814 

19.7898 

649.3765 

31 .8844 

549.6689 

22.3626 

500.5138 

20.2918 

701.0397 

32.5425 

601.2288 

23.1505 

550.8325 

20.7683 

750.3242 

33.2561 

650.4614 

24.0251 

600.1686 

21 .2248 

C2H6/A563/100"C 

701 .4007 

24.6648 

650.6425 

21.6058 

0.5839 

0.0772 

750.9954 

25.4380 

701 .4266 

21.9643 

1.1165 

0.1496 

SF6  / A563 

/50"C 

751.2281 

22.3523 

1.9915 

0.2746 

1 .2406 

0.5759 

SF6/A563/65"C 

3.0491 

0.4183 

2.0133 

0.9698 

1.1036 

0.3111 

4.0255 

0.5509 

3.2115 

1.4133 

2.0179 

0.5763 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

3.0843 

0.8503 

2.0205 

0.3383 

1.0529 

0.1016 

3.9738 

1.1006 

3.0553 

0.5046 

2.0091 

0.2014 

5.2165 

1.3802 

4.0146 

0.6571 

3.0372 

0.3046 

6.3025 

1.5942 

5.0262 

0.8087 

3.9898 

0.4000 

7.3368 

1.8018 

6.4737 

1.0160 

5.0039 

0.5010 

8.5263 

2.0138 

7.7666 

1.1777 

6.1417 

0.6106 

9.1985 

2.1813 

8.2320 

1 .2429 

7.6931 

0.7528 

10.1294 

2.3316 

9.2146 

1.3798 

8.2620 

0.8000 

11.5774 

2.5906 

10.6626 

1.5614 

9.1411 

0.8918 

11.9912 

2.6815 

11.1280 

1.6317 

10.7443 

1.0102 

13.0772 

2.8511 

12.1623 

1.7651 

11.2615 

1.0609 

13.9563 

3.0047 

13.6104 

1.9365 

12.2958 

1.1523 

16.2835 

3.3187 

14.0758 

2.0068 

14.1575 

1.2934 

18.3521 

3.6253 

16.6098 

2.2721 

14.1575 

1 .2934 

20.0587 

3.8277 

18.2647 

2.4549 

16.3812 

1 .4706 

21.8170 

4.0611 

20.1264 

2.6234 

18.2430 

1 .6067 

24.5062 

4.4202 

21.8848 

2.7939 

20.2082 

1 .7762 

26.2128 

4.6029 

23.8499 

2.9963 

22.0699 

1.9174 

27.8677 

4.7988 

25.8151 

3.1935 

24.1385 

2.0445 

29.7294 

5.0254 

28.1423 

3.3760 

26.0002 

2.1657 

35.3146 

5.5720 

29.8489 

3.5348 

27.9137 

2.3084 

39.8655 

5.9853 

35.4858 

3.9857 

29.9306 

2.4592 

44.6750 

6.4057 

39.8816 

4.3021 

35.7744 

2.7996 

50.5705 

6.9119 

44.7428 

4.6786 

39.7564 

3.0542 

60.7584 

7.6513 

49.7591 

5.0290 

45.0314 

3.3220 

69.4465 

8.2333 

60.0504 

5.6865 

49.8926 

3.5723 

79.6861 

8.8158 

69.9280 

6.1885 

60.3390 

4.0996 

89.3051 

9.3508 

79.4436 

6.7057 

69.8546 

4.5285 

99.6998 

9.8538 

89.6831 

7.1988 

79.6287 

4.9904 

109.6291 

10.3187 

99.8710 

7.6231 

90.0751 

5.3812 

119.9721 

10.7315 

109.5934 

8.0589 

99.8493 

5.7319 

149.8116 

11.7983 

119.9364 

8.4367 

109.8302 

6.1240 

200.7509 

13.3066 

150.6034 

9.4673 

120.1215 

6.4647 

250.3973 

14.3582 

200.7152 

10.8988 

149.7542 

7.3741 

300.7160 

15.3007 

250.6719 

11.8861 

199.3489 

8.5171 

350.2590 

16.1023 

299.1806 

12.8168 

251.0122 

9.5951 

400.1122 

16.8042 

350.6887 

13.5795 

300.3483 

10.4650 

450.5344 

17.3597 

400.4386 

14.3098 

350.0464 

1 1 .2068 

501.1116 

17.9444 

450.9124 

14.8778 

400.0031 

11.8600 

551.1201 

18.3694 

501.3862 

15.4855 

451.1493 

12.4676 

601.8525 

18.8349 

551.0844 

15.9226 

501.4680 

13.0053 

652.2746 

19.2176 

601.8168 

16.4061 

551.7866 

13.4873 

702.3347 

19.5901 

652.3423 

16.7965 

601.8467 

13.9516 

752.2914 

19.9780 

702.5576 

17.1418 

651.6483 

14.4436 

SF6  / A563 

00 

o 

e 

o 

751.9971 

17.5809 

703.3116 

14.6927 

1.1026 

0.1770 

SF6  / A563 

/95°C 

752.2857 

15.0641 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

N2  / A572 / 

-93"C 

29.7713 

4.0630 

16.0668 

1.1736 

4.8162 

6.3654 

34.8911 

4.6317 

18.1871 

1.3102 

24.1057 

19.0389 

40.5280 

5.2448 

19.9454 

1.4371 

47.8428 

28.3492 

44.7686 

5.6815 

21.9106 

1.5767 

96.5580 

40.9078 

49.6816 

6.1633 

23.9792 

1.7075 

146.8244 

50.0079 

59.4040 

7.0858 

25.9961 

1.8478 

199.4164 

57.4874 

70.3158 

8.0470 

28.3233 

2.0019 

298.1404 

68.3134 

80.0900 

8.8846 

30.0816 

2.1189 

397.2824 

76.7411 

89.2435 

9.6215 

35.5117 

2.4666 

496.6296 

83.6401 

100.1037 

10.4554 

39.8040 

2.7301 

598.1428 

89.6134 

109.2055 

11.1271 

44.8204 

3.0325 

698.9340 

94.7597 

119.0831 

11.8384 

49.7850 

3.3242 

753.1296 

97.2431 

149.3881 

13.8654 

60.0763 

3.9169 

N2  / A572  / 

-62"C 

199.3965 

16.8450 

69.3333 

4.4366 

0.3108 

0.0441 

250.0772 

19.5481 

79.3143 

4.9599 

0.5006 

0.0757 

300.1373 

21.9493 

89.1401 

5.4762 

0.6361 

0.0991 

349.8354 

24.1567 

99.3280 

5.9826 

0.7349 

0.1162 

400.3093 

26.2245 

109.2572 

6.4748 

0.7840 

0.1243 

450.4728 

28.1501 

119.3934 

6.9443 

0.8316 

0.1320 

500.1192 

29.9546 

150.0604 

8.3327 

0.8714 

0.1389 

550.2311 

31.6813 

200.1722 

10.3847 

0.9076 

0.1448 

600.2912 

33.3260 

250.0772 

12.2524 

0.9391 

0.1502 

650.2996 

34.8745 

300.1890 

13.9904 

0.9666 

0.1549 

700.1011 

36.3553 

350.1457 

15.6154 

0.9919 

0.1593 

750.3164 

37.7994 

400.2058 

17.1352 

1.0162 

0.1636 

N2  / A572  / -43"C 

450.1108 

18.5719 

2.0014 

0.3389 

0.4334 

0.0232 

500.0675 

19.9490 

3.0321 

0.5135 

0.6563 

0.0378 

550.3345 

21 .2626 

3.9877 

0.6714 

0.7535 

0.0434 

600.1877 

22.5211 

5.0003 

0.8346 

0.8367 

0.0486 

650.2996 

23.7322 

6.0341 

0.9576 

0.9066 

0.0530 

700.1528 

24.8947 

7.2753 

1.1476 

0.9640 

0.0567 

750.3164 

26.0096 

8.6199 

1.3484 

1.0136 

0.0601 

CO  / A572  / 

-93"C 

9.2922 

1.4488 

2.0262 

0.1421 

0.1339 

0.4882 

10.2230 

1.5761 

3.0553 

0.2232 

0.2498 

0.9799 

11.5159 

1.7613 

3.9950 

0.2967 

0.3584 

1.4730 

11.9813 

1.8301 

4.9998 

0.3747 

0.4691 

1.9658 

13.0673 

1.9736 

6.0858 

0.4331 

0.5927 

2.4538 

14.4119 

2.1642 

7.6890 

0.5532 

0.7225 

2.9475 

15.8600 

2.3607 

8.2579 

0.6055 

0.8502 

3.4368 

18.3423 

2.6851 

9.3439 

0.6841 

0.9919 

3.9283 

20.2040 

2.9145 

10.1713 

0.7394 

1.1320 

4.4150 

21.9623 

3.1432 

11.1539 

0.8168 

2.0174 

7.1018 

23.8241 

3.3776 

1 1 .9296 

0.8716 

2.9777 

9.3552 

25.8927 

3.6135 

13.1708 

0.9672 

3.9686 

11.3754 

27.7544 

3.8275 

14.8774 

1.0784 

4.9745 

13.1372 
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PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

5.9571 

14.5796 

6.9396 

15.9937 

7.9739 

17.3366 

9.0082 

18.6278 

9.9908 

19.7882 

11.0251 

20.8963 

1 1 .9043 

21.8279 

13.0420 

22.8877 

13.9729 

23.7391 

15.8863 

25.4315 

18.0066 

27.1120 

19.9201 

28.5560 

22.0921 

30.0629 

23.9539 

31.3346 

25.7639 

32.4755 

27.7291 

33.6427 

29.7460 

34.8093 

34.8140 

37.4584 

39.9338 

39.9102 

44.8467 

42.0644 

49.8114 

44.0682 

60.1027 

47.8515 

70.1871 

51.1120 

79.7544 

53.9195 

90.0456 

56.6488 

99.8715 

59.0697 

110.1628 

61.3736 

119.8852 

63.4077 

150.7073 

69.1787 

201.4915 

76.9508 

250.0518 

83.0093 

299.9568 

88.2513 

349.1895 

92.7355 

399.6116 

96.7785 

449.6718 

100.3592 

499.8870 

103.5878 

549.8954 

106.4954 

599.8004 

109.1566 

650.0157 

111.6083 

699.8689 

113.8675 

750.1359 

115.9615 

CO  / A572  / -62°C 

0.1469 

0.0645 

0.2539 

0.1229 

0.3258 

0.1695 

0.4530 

0.2537 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

0.5223 

0.3050 

0.5927 

0.3561 

0.6645 

0.4069 

0.7349 

0.4580 

0.8150 

0.5116 

0.8874 

0.5623 

0.9635 

0.6119 

1.0271 

0.6533 

1 .9864 

1.2599 

3.0465 

1.8742 

3.9784 

2.3881 

5.0029 

2.9224 

5.9850 

3.4013 

7.1744 

3.9647 

8.0536 

4.3685 

9.0879 

4.8052 

10.0705 

5.2137 

11.0530 

5.6645 

12.1908 

6.1247 

13.1734 

6.4911 

14.1559 

6.8854 

16.1211 

7.6131 

18.1897 

8.3503 

20.2583 

9.0595 

22.3786 

9.7262 

23.7749 

10.1910 

26.2573 

10.9425 

27.8604 

11.4169 

30.1359 

12.0886 

34.7902 

13.3572 

39.9617 

14.6914 

45.0815 

15.9412 

50.0979 

17.0872 

60.0789 

19.1975 

70.0599 

21.1572 

80.1443 

22.9714 

89.8667 

24.6267 

99.9511 

26.2259 

110.0356 

27.7397 

120.1200 

29.1560 

150.3733 

33.0326 

201 .2608 

38.5843 

249.6143 

43.0705 

299.1573 

47.1043 

349.6829 

50.7494 

399.5878 

54.0114 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

449.9065 

57.0155 

499.9149 

59.7657 

550.0268 

62.3050 

599.8801 

64.6886 

650.2504 

66.9226 

699.9485 

69.0016 

750.1121 

70.9930 

CO  / A572  / -43"C 

0.2596 

0.0476 

0.4323 

0.0904 

0.5616 

0.1236 

0.6470 

0.1455 

0.7235 

0.1652 

0.7907 

0.1829 

0.8512 

0.1991 

0.8833 

0.2094 

0.9376 

0.2236 

0.9836 

0.2351 

1 .0234 

0.2457 

2.0040 

0.5080 

3.0295 

0.7704 

3.9877 

1 .0094 

4.9998 

1.2558 

6.3444 

1.5219 

7.2236 

1 .7290 

8.0510 

1.9143 

9.2404 

2.1784 

10.0162 

2.3470 

10.9987 

2.5398 

12.2399 

2.8045 

13.0156 

2.9734 

13.9982 

3.1608 

15.9117 

3.5507 

18.2906 

4.0261 

19.9454 

4.3335 

21.8072 

4.6755 

24.2378 

5.1200 

25.8927 

5.4168 

27.8578 

5.7494 

30.2884 

6.1621 

34.8394 

6.9149 

40.1660 

7.7521 

45.1824 

8.5165 

50.2504 

9.2658 

59.8694 

10.5892 

70.1090 

11.8995 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

79.9866 

13.1105 

44.9889 

41.5400 

198.1553 

48.4162 

90.2261 

14.2783 

50.1087 

43.7604 

223.5474 

51.3422 

100.1554 

15.3741 

59.6760 

47.5477 

249.1980 

54.0953 

110.2915 

16.4148 

70.1741 

51 .2606 

298.4307 

58.9103 

119.0831 

17.2895 

79.7931 

54.3696 

350.4043 

63.3988 

149.4398 

20.1188 

90.0844 

57.3887 

399.5335 

67.2096 

199.3448 

24.1936 

99.8586 

60.0600 

449.7488 

70.7759 

249.9220 

27.7871 

109.7878 

62.5636 

500.0675 

74.0458 

299.5685 

30.9284 

119.9757 

64.9720 

549.9725 

77.0222 

349.7837 

33.8036 

150.9530 

71.4564 

599.8774 

79.7910 

399.8955 

36.4292 

201.5820 

80.1389 

649.9893 

82.3912 

449.9040 

38.8500 

249.9355 

87.0131 

700.1011 

84.8204 

499.9641 

41.1119 

299.1165 

92.8809 

759.8320 

87.5868 

550.1276 

43.2118 

350.0557 

98.2282 

CH4  / A572  / 0"C 

599.9809 

45.1705 

400.0641 

102.7783 

0.9779 

0.1737 

650.0410 

47.0267 

449.2968 

106.8118 

2.9395 

0.5385 

700.1011 

48.7772 

499.9775 

110.5437 

5.0520 

0.9165 

750.0578 

50.4367 

549.9859 

113.8764 

7.4309 

1.0890 

CH4  / A572  / -62“C 

599.8392 

116.9239 

9.1375 

1.3575 

0.2943 

0.9824 

649.9510 

119.7623 

10.7407 

1.6357 

0.5678 

1 .9648 

700.1146 

122.3818 

12.7059 

1 .9279 

0.8678 

2.9434 

749.8644 

124.8066 

15.2916 

2.3739 

1.0948 

3.6028 

CH4  / A572  / -43‘'C 

17.6705 

2.7665 

1.9884 

6.2129 

0.9753 

1 .2263 

20.5665 

3.1825 

3.1008 

8.5362 

2.9405 

3.1511 

25.2209 

3.8553 

3.9665 

10.2432 

4.8964 

4.6822 

34.8399 

5.1892 

5.0650 

12.0505 

7.3270 

5.3418 

43.7349 

6.3177 

5.9958 

13.4135 

9.0336 

6.4616 

53.3538 

7.5225 

6.9784 

14.7818 

11.4125 

8.0258 

63.4383 

8.6881 

8.0644 

16.1706 

12.7053 

8.7850 

73.5227 

9.7927 

8.9436 

17.2481 

14.5671 

9.7729 

83.6588 

10.8373 

9.9779 

18.4074 

17.6700 

11.2504 

89.9681 

1 1 .4774 

10.9088 

19.4187 

20.9280 

12.7119 

99.0182 

12.3585 

11.9431 

20.4406 

24.9618 

14.4781 

108.5855 

13.2690 

12.8739 

21.4010 

35.7702 

18.4526 

114.9464 

13.8246 

14.0117 

22.4488 

44.5101 

21.2886 

119.9111 

14.3019 

15.9768 

24.1663 

53.7671 

23.8951 

150.0092 

16.8427 

18.0971 

25.9042 

64.7306 

26.6749 

199.7073 

20.5882 

19.8555 

27.2592 

73.4705 

28.6943 

224.1168 

22.2756 

21.8723 

28.7014 

83.1929 

30.7767 

249.9743 

23.9652 

23.9409 

30.1286 

89.6055 

32.0459 

299.4655 

26.9526 

26.0613 

31.4949 

98.4488 

33.7124 

350.1462 

29.7522 

27.8713 

32.6619 

107.8609 

35.3616 

399.8444 

32.3213 

30.0433 

33.9469 

114.4805 

36.4746 

447.2153 

34.5875 

35.0597 

36.7127 

120.0657 

37.3633 

499.9646 

36.9559 

39.9209 

39.1567 

147.5781 

41.6238 

547.3355 

38.9597 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

597.2405 

40.9499 

30.0950 

158.4096 

2.9741 

83.9575 

649.8864 

42.9798 

34.9562 

160.5533 

3.9650 

90.7098 

697.5676 

44.7092 

40.3863 

162.6154 

4.9558 

95.9758 

759.8842 

46.8746 

44.9889 

164.0870 

6.0419 

100.4122 

C2H6  / A572  / -84»C 

50.1087 

165.4827 

6.9727 

103.6259 

0.1169 

10.0028 

60.0897 

167.8901 

7.9553 

106.4789 

0.1882 

20.0130 

70.3293 

169.9431 

8.9379 

109.0181 

0.1862 

30.0881 

79.8966 

171.5321 

9.9205 

111.3007 

0.2327 

40.1243 

89.8776 

172.9394 

10.9031 

113.4740 

0.2906 

50.1421 

99.9620 

174.1844 

11.9891 

115.4914 

0.3884 

60.1560 

110.1498 

175.2687 

13.0234 

117.4226 

0.5621 

70.1600 

119.9757 

176.1888 

13.9543 

118.7972 

0.7623 

80.1607 

149.2981 

178.6362 

15.9711 

121.7428 

0.8833 

84.7160 

202.2025 

181.9708 

18.0397 

124.1845 

0.9060 

86.2293 

250.7112 

184.3536 

19.9015 

126.4063 

0.9040 

86.9922 

299.6336 

186.4257 

21.8149 

128.1533 

0.9045 

87.7548 

349.6420 

188.3450 

23.7801 

129.9147 

0.9081 

88.5167 

400.0124 

190.1413 

25.7970 

131.5482 

0.9143 

89.2774 

449.8140 

191.8645 

27.8139 

133.0344 

0.9221 

90.0371 

500.1327 

193.5506 

29.8825 

134.4684 

0.9309 

90.7947 

549.9342 

195.2128 

35.3126 

137.8160 

0.9428 

91.5508 

599.9943 

196.9091 

40.0703 

140.2990 

0.9557 

92.3067 

650.1061 

198.6545 

44.8798 

142.4829 

0.9759 

93.0665 

700.0629 

200.4526 

49.8445 

144.5347 

0.9965 

93.8234 

749.8644 

202.3591 

59.6703 

147.9865 

1.0059 

94.5736 

C2H6  / A572  / -62”C 

70.0133 

151.0092 

1.9978 

112.4188 

0.2281 

10.0190 

79.6323 

153.4284 

2.9757 

122.1549 

0.3201 

20.0390 

89.8719 

155.6710 

3.9660 

127.3554 

0.4758 

30.0498 

99.9563 

157.6322 

4.9615 

131.0248 

0.7075 

40.0536 

109.9373 

159.3844 

5.9441 

133.9879 

0.8481 

45.2674 

120.1769 

160.9758 

7.0301 

136.6327 

0.8611 

46.5690 

150.5336 

164.9448 

8.0644 

138.8344 

0.8533 

47.2269 

201.9383 

169.8904 

8.9436 

140.4394 

0.8817 

48.5245 

249.4127 

173.3136 

10.0296 

142.1295 

0.8817 

49.1792 

299.7314 

176.1800 

10.9605 

143.5226 

0.8848 

49.8333 

349.1709 

178.4656 

11.9431 

144.8038 

0.8905 

50.4868 

399.2310 

180.4478 

12.9256 

145.9906 

0.8947 

51.1400 

449.8083 

182.1748 

13.9082 

147.0997 

0.9024 

51.7925 

499.6615 

183.6991 

15.9251 

149.1614 

0.9123 

52.4439 

549.9802 

185.0882 

18.0971 

151.0651 

0.9257 

53.0936 

600.0403 

186.3513 

19.9589 

152.5191 

0.9391 

53.7422 

649.9453 

187.5278 

21.9758 

153.9205 

0.9578 

54.3884 

700.0054 

188.6429 

23.8892 

155.1462 

0.9826 

55.0402 

750.0139 

189.7056 

26.0095 

156.3793 

1.0084 

55.6890 

C2H6  / A572  / -43"C 

28.0781 

157.4689 

1.9905 

72.5269 

0.2229 

10.0067 
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PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

0.5228 

20.0039 

0.8564 

27.5820 

0.9117 

29.0639 

0.9195 

29.8102 

0.9340 

30.5546 

0.9547 

31 .2958 

0.9676 

32.0365 

0.9971 

32.7728 

1.0286 

33.5050 

1.9853 

45.7134 

2.9746 

54.9979 

4.0069 

60.4079 

4.9553 

65.0695 

6.0413 

69.0223 

6.9722 

72.0958 

7.9548 

74.8756 

8.9374 

77.3011 

9.9200 

79.6070 

10.9543 

81.7717 

11.9369 

83.7722 

13.0229 

85.6924 

13.9020 

87.2124 

15.8672 

90.1021 

17.9358 

93.0420 

20.1078 

95.6124 

21.8661 

97.6387 

23.7796 

99.5192 

26.0033 

101.5776 

27.9168 

103.1471 

29.7785 

104.5742 

35.2603 

108.2946 

40.0181 

111.0585 

44.9827 

113.5727 

49.9474 

115.8040 

60.1870 

119.6437 

69.7542 

122.6588 

79.7869 

125.3514 

89.9231 

127.7012 

99.8524 

129.7496 

110.0919 

131.6052 

119.8661 

133.2212 

149.7056 

137.3064 

200.9552 

142.6141 

250.2913 

146.5045 

300.0928 

149.6379 

349.8944 

152.2480 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

399.6442 

154.4658 

449.7043 

156.4096 

499.9713 

158.1117 

549.9280 

159.6304 

600.2467 

161.0005 

649.9448 

162.2328 

700.0049 

163.3820 

750.0651 

164.4439 

C2H6/A572/-16"C 

0.7354 

3.9315 

0.8548 

4.6887 

0.9671 

5.4346 

1.0721 

6.1699 

1.9848 

21.8827 

2.9762 

25.1710 

3.9655 

30.2209 

5.0474 

32.9124 

6.0817 

34.7481 

6.9608 

36.3724 

7.9951 

38.1914 

8.9260 

39.5497 

9.9086 

41.0080 

10.9429 

42.5664 

1 1 .9772 

43.9364 

12.9598 

45.2895 

13.8906 

46.2819 

15.8558 

49.0990 

18.3899 

51.2486 

19.8379 

53.5142 

22.5788 

55.7481 

23.7682 

57.4133 

26.7677 

59.6096 

27.7503 

61.1238 

29.7672 

62.3442 

34.9387 

66.0337 

40.9376 

69.2286 

44.7128 

71.4128 

51.1255 

74.3885 

59.4516 

78.1567 

71.3460 

82.5829 

79.5687 

85.1854 

89.5497 

88.0477 

100.5133 

90.6613 

109.7185 

92.7879 

120.4235 

95.0507 

151.1423 

100.5335 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

201.6678 

107.3497 

249.2973 

112.2253 

299.1506 

116.2873 

350.0381 

119.7502 

399.7363 

122.5692 

449.2792 

125.0473 

500.0117 

127.2839 

549.9166 

129.2441 

599.9767 

131.0216 

650.1403 

132.6279 

699.8901 

134.1046 

750.1054 

135.4777 

C2H6  / A572  / 25"C 

0.0740 

0.0772 

0.1081 

0.1575 

0.2063 

0.6169 

0.3067 

0.9517 

0.4122 

1 .4059 

0.5001 

1 .6776 

0.6030 

2.0239 

0.8181 

2.6406 

0.9965 

3.1569 

3.1391 

7.5656 

4.9672 

10.4386 

7.1915 

11.7017 

9.0015 

13.5355 

11.1218 

15.7972 

13.1387 

17.5908 

14.8970 

19.0718 

18.3102 

21.5165 

20.8442 

23.1887 

25.0332 

25.7207 

29.9978 

28.2948 

45.2537 

34.7950 

54.6141 

38.0758 

64.4400 

41.0507 

74.5761 

43.8535 

85.1777 

46.4667 

89.5735 

47.4558 

99.7096 

49.6543 

110.4663 

51.7775 

114.5001 

52.5906 

120.4473 

53.6791 

149.7697 

58.4495 

199.6747 

65.0064 

225.0668 

67.9145 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

249.9417 

70.3847 

249.7555 

59.1006 

299.6982 

49.7412 

299.3812 

74.7661 

300.0742 

63.1898 

350.0169 

53.0908 

350.7859 

78.6114 

350.0826 

66.7363 

400.4391 

55.9872 

399.0878 

81.7964 

399.8842 

69.8315 

449.2063 

58.5827 

449.7685 

84.7674 

449.4789 

72.6603 

500.4042 

61.0156 

499.9837 

87.3677 

500.5215 

75.1965 

549.5334 

63.2198 

549.7853 

89.6812 

549.5991 

77.3881 

600.3176 

65.3078 

599.6902 

91.8232 

599.9178 

79.4286 

650.2742 

67.1274 

649.9055 

93.8427 

650.0814 

81.2637 

699.6620 

68.8362 

700.4828 

95.6571 

699.9346 

82.9277 

760.1686 

70.7890 

759.5930 

97.6207 

759.5103 

84.8600 

C2H6  / A572  / 70°C 

C2H6  / A572  / 40<’C 

C2H6  / A572  / 55"C 

0.3206 

0.1896 

0.0440 

0.1051 

0.0796 

0.1002 

0.6035 

0.3755 

0.0884 

0.2119 

0.1593 

0.1950 

0.8290 

0.5228 

0.1298 

0.3141 

0.2462 

0.2787 

1.0374 

0.6532 

0.2032 

0.4900 

0.3139 

0.3558 

2.0055 

1.2582 

0.3232 

0.7380 

0.4220 

0.4772 

3.0114 

1.8179 

0.4117 

0.9480 

0.5099 

0.5734 

4.0141 

2.3581 

0.5228 

1.1947 

0.6195 

0.6932 

5.0127 

2.8603 

0.6071 

1.3677 

0.8135 

0.8937 

6.0988 

3.3646 

0.7980 

1 .7469 

0.9997 

1.0830 

7.1331 

3.8367 

0.9950 

2.1113 

3.0926 

2.9001 

8.1674 

4.2932 

3.1236 

5.2261 

4.9750 

4.2720 

9.3568 

4.7904 

4.9884 

7.4652 

7.1982 

5.6671 

10.0291 

5.0209 

7.1087 

9.3871 

8.9565 

6.6594 

11.1668 

5.4805 

8.9705 

10.8685 

11.0768 

7.7562 

12.0460 

5.7685 

11.0391 

12.4873 

13.1972 

8.7966 

13.2871 

6.2622 

13.1077 

13.8043 

15.3175 

9.7428 

14.1146 

6.5127 

15.1763 

15.1086 

18.2135 

10.9374 

16.0797 

7.2331 

18.1240 

16.7505 

20.9544 

12.0394 

17.9415 

7.7763 

21.1752 

18.2814 

25.2985 

13.5768 

20.1652 

8.5199 

25.1056 

20.2939 

29.9528 

15.0535 

22.2338 

9.0438 

30.7942 

22.5789 

45.1053 

19.3120 

23.9404 

9.6283 

44.8090 

27.5355 

54.9312 

21.6213 

25.9573 

10.1046 

54.5831 

30.3652 

64.6019 

23.6500 

27.8708 

10.6849 

64.7193 

33.1603 

74.7380 

25.6794 

29.9911 

11.1590 

76.1483 

35.6628 

85.5464 

27.5702 

34.7489 

12.4403 

84.6295 

37.5601 

89.5285 

28.2304 

41.0581 

13.9333 

90.4733 

38.7355 

100.0784 

29.9084 

45.1436 

14.6979 

99.8337 

40.5236 

110.2145 

31.4230 

49.8496 

15.7374 

110.2802 

42.3459 

115.0757 

32.0821 

60.5546 

17.7172 

114.6242 

43.1231 

119.8852 

32.7472 

69.8633 

19.3477 

120.5197 

44.0472 

150.2419 

36.5433 

80.5166 

21.0499 

149.3250 

48.2431 

201.4397 

41.8512 

89.8771 

22.4668 

202.6949 

54.5361 

224.8666 

44.0161 

100.1683 

23.9223 

224.5703 

56.7852 

250.1036 

46.0798 

110.2528 

25.2290 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

120.6992 

26.5201 

352.0829 

29.0342 

90.0575 

74.3208 

150.1250 

29.7772 

400.1779 

31.2671 

99.6765 

75.9410 

200.9091 

34.5557 

451 .9446 

33.2419 

109.0887 

77.2685 

250.8658 

38.5969 

500.3499 

35.1484 

119.5351 

78.6389 

300.0468 

41.9463 

551.6511 

36.8558 

149.4781 

81.8222 

350.4689 

45.0286 

600.6769 

38.4850 

200.7276 

85.8357 

400.8911 

47.8909 

650.2199 

40.1131 

249.3914 

88.6965 

450.5375 

50.4168 

699.8663 

41.4120 

300.1239 

91.0850 

501.8387 

52.7629 

760.1143 

43.1476 

349.3565 

92.9920 

551.2783 

54.7861 

SF6/A572/-16"C 

399.5718 

94.6532 

601.1832 

56.7668 

0.3548 

4.0225 

449.8905 

96.0951 

650.4160 

58.5995 

0.6035 

6.7664 

499.9506 

97.3488 

701.9241 

60.4346 

0.6718 

7.4494 

549.9073 

98.4804 

750.6913 

61.9661 

0.7318 

8.1477 

600.3295 

99.4824 

C2H6/A572/100"C 

0.8047 

8.8428 

649.7690 

100.4066 

0.2663 

0.0632 

0.8719 

9.5267 

700.2946 

101.2643 

0.4644 

0.1111 

0.9495 

10.2042 

750.0961 

102.0480 

0.6051 

0.1452 

1 .0322 

10.8637 

SF6  / A572  / 0"C 

0.7980 

0.1926 

1.9843 

19.2088 

0.1189 

1.0340 

1.0643 

0.2575 

3.0383 

23.0191 

0.2637 

2.0684 

3.0310 

0.7188 

3.9660 

26.5125 

0.4054 

3.1001 

5.0236 

1.1579 

5.0381 

29.1928 

0.5678 

4.1291 

7.5576 

1.6597 

5.9689 

31.0305 

0.6899 

4.7955 

9.5745 

2.0556 

7.0032 

32.9544 

0.8233 

5.4779 

11.0225 

2.3503 

7.9341 

34.6469 

0.9603 

6.1328 

13.7634 

2.8465 

8.9684 

36.3105 

1.1026 

6.7737 

15.0563 

3.0792 

10.0027 

37.8591 

1.9869 

11.1618 

18.4695 

3.6989 

10.9853 

39.1820 

3.0439 

13.9817 

21.1070 

4.0909 

11.9162 

40.4440 

3.9753 

16.1176 

25.6579 

4.8122 

13.0022 

41.6881 

4.9667 

17.8535 

30.5191 

5.5318 

14.0365 

42.9414 

5.9493 

19.3417 

44.8959 

7.4637 

16.1568 

45.0490 

6.9836 

20.6921 

54.5666 

8.7057 

18.0185 

46.9572 

7.9662 

21 .9227 

65.1164 

9.8520 

20.2940 

48.9065 

9.0005 

23.0256 

75.4077 

10.9706 

21.8455 

50.1714 

9.9313 

24.1709 

85.2336 

12.0049 

24.1726 

51.8861 

11.1725 

25.3813 

90.1465 

12.5004 

25.7758 

52.9968 

1 1 .9482 

26.1179 

99.5586 

13.3238 

27.7927 

54.3075 

13.1377 

27.0749 

110.3671 

14.3341 

29.9130 

55.5592 

13.8617 

27.6671 

115.5903 

14.7827 

35.0328 

58.3188 

16.1889 

29.4317 

120.1929 

15.1359 

40.0491 

60.6621 

18.0506 

30.7076 

150.7565 

17.5248 

44.8586 

62.6731 

20.1192 

32.4525 

202.1095 

21.0296 

50.0301 

64.6034 

22.1878 

33.7026 

225.3812 

22.5368 

60.0628 

67.7096 

23.8427 

34.6680 

250.7733 

23.9281 

69.8370 

70.2079 

26.0147 

35.8457 

299.4888 

26.6187 

79.7145 

72.3865 

28.0833 

36.8679 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

30.1002 

37.8249 

24.1431 

19.4105 

18.2673 

10.6856 

35.2717 

40.0760 

26.0566 

20.2501 

19.8187 

1 1 .2432 

40.1846 

41.9758 

28.3321 

21.1627 

22.3011 

12.0814 

44.8907 

43.6590 

29.7801 

21.7302 

23.8008 

12.6121 

50.1139 

45.3712 

34.7447 

23.4422 

26.2314 

13.4287 

60.0949 

48.1881 

39.8645 

25.0686 

28.0931 

13.9187 

69.9725 

50.5821 

44.9843 

26.6067 

30.1617 

14.5976 

79.9535 

52.7255 

50.1558 

28.0413 

35.1781 

15.8625 

89.9345 

54.6559 

60.2402 

30.5063 

39.7290 

17.0840 

100.1223 

56.3918 

69.9626 

32.6334 

46.0900 

18.4980 

109.7930 

57.9147 

79.9436 

34.6083 

49.9686 

19.3900 

119.9809 

59.4267 

89.9763 

36.4282 

60.9839 

21.3970 

149.9239 

62.9987 

100.0091 

38.1182 

69.6720 

22.9365 

200.2426 

67.5117 

110.1969 

39.6857 

80.5839 

24.6495 

250.5095 

70.8748 

120.0745 

41.0668 

89.7891 

26.0301 

299.7939 

73.4926 

149.0866 

44.5979 

99.2530 

27.2650 

350.2678 

75.7106 

201.2153 

49.6853 

109.5443 

28.5788 

399.9142 

77.5177 

249.2585 

53.3706 

120.3010 

29.8749 

450.3880 

79.1216 

299.8358 

56.5462 

150.3474 

32.9670 

499.9310 

80.5209 

349.3271 

59.1571 

200.6144 

37.1495 

550.3014 

81.7470 

399.6458 

61.4294 

249.2782 

40.4337 

600.1547 

82.8496 

449.8093 

63.4069 

299.8555 

43.3835 

650.1113 

83.8600 

499.9729 

65.1594 

350.5362 

45.8296 

700.1198 

84.7871 

550.0330 

66.7138 

400.6997 

47.9659 

750.1282 

85.6499 

600.0414 

68.1012 

449.9324 

49.8524 

SF6/A572/30”C 

649.9464 

69.3780 

500.3545 

51.5374 

0.4189 

0.9962 

700.2651 

70.5464 

549.3803 

52.9596 

0.7473 

1.7002 

750.1700 

71.5943 

600.5782 

54.4368 

1.0907 

2.3665 

SF6  / A572  / 50“C 

649.4489 

55.6561 

1.9895 

3.9484 

0.3879 

0.4985 

700.0778 

56.7050 

2.9907 

5.3400 

0.8135 

0.9959 

751.2757 

57.7747 

3.9727 

6.6474 

1 .2427 

1 .4425 

SF6  / A572  / 65“C 

5.0603 

7.7621 

2.0014 

2.2097 

0.5911 

0.4792 

6.0429 

8.7020 

3.0517 

3.0769 

1.1470 

0.8925 

6.9738 

9.5164 

3.9727 

3.7963 

1.9993 

1 .4875 

8.0081 

10.3324 

5.0800 

4.5399 

3.0558 

2.1312 

9.0941 

11.1854 

6.0625 

5.1585 

3.9862 

2.6678 

9.9215 

11.7955 

7.0451 

5.6853 

4.9946 

3.1896 

11.0075 

12.4979 

7.9760 

6.2158 

6.1324 

3.7244 

12.0418 

13.1944 

9.0620 

6.7863 

7.2184 

4.2060 

13.0761 

13.8284 

10.0963 

7.2789 

8.2010 

4.6384 

14.0587 

14.4097 

11.0789 

7.7444 

9.2870 

5.0858 

16.0756 

15.5211 

12.1649 

8.2587 

10.0627 

5.3857 

17.9891 

16.5218 

12.9406 

8.5758 

11.3039 

5.9011 

20.0059 

17.5448 

14.1301 

9.1235 

12.0796 

6.1611 

22.1780 

18.5390 

16.0435 

9.8952 

12.9587 

6.4531 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

14.1999 

6.8999 

1 1 .4352 

4.1459 

9.0279 

2.2303 

16.1651 

7.5822 

12.0041 

4.2727 

10.1139 

2.4310 

18.4923 

8.3053 

13.2452 

4.6035 

1 1 .7688 

2.7835 

19.9920 

8.7094 

14.1244 

4.8237 

12.2859 

2.8696 

22.3709 

9.4055 

16.1413 

5.3295 

13.3202 

3.0846 

24.0775 

9.8565 

18.3650 

5.8886 

14.5097 

3.3207 

25.7841 

10.3248 

20.1233 

6.2330 

15.9060 

3.5579 

28.2664 

10.9559 

22.1919 

6.7452 

18.4400 

4.0081 

29.9213 

1 1 .3766 

24.1054 

7.0988 

20.0949 

4.2698 

35.1962 

12.5521 

26.1740 

7.5842 

22.0084 

4.5504 

40.0574 

13.6226 

28.1392 

7.9178 

23.9218 

4.8473 

45.1772 

14.6960 

30.1560 

8.3755 

26.6110 

5.2546 

50.1935 

15.6689 

35.0690 

9.2600 

28.0073 

5.4918 

60.4331 

17.4622 

40.0853 

10.0831 

29.9207 

5.8259 

70.0521 

18.9888 

45.2051 

10.9143 

35.2991 

6.5225 

79.4642 

20.2517 

50.3249 

1 1 .7668 

40.4189 

7.1681 

90.2210 

21.7203 

60.5645 

13.2104 

45.3835 

7.8781 

99.4262 

22.8164 

70.0800 

14.4547 

50.2447 

8.3711 

110.1312 

24.2263 

80.1645 

15.6652 

59.9154 

9.4889 

120.2157 

25.1807 

89.9903 

16.7836 

71.2927 

10.6201 

150.3655 

28.1604 

100.1264 

17.8674 

79.5671 

11.3885 

204.2525 

32.3646 

109.3317 

18.7406 

90.6342 

12.4344 

250.0720 

35.4193 

120.6056 

19.7900 

99.8911 

13.1542 

300.9079 

38.3231 

150.7037 

22.2821 

110.8547 

14.0785 

349.8820 

40.7113 

200.7638 

25.7556 

119.9048 

14.7445 

400.8213 

42.9395 

251.0825 

28.7722 

149.5893 

16.7676 

450.4677 

44.8393 

300.2118 

31.2357 

201.1491 

19.7670 

500.9932 

46.6431 

350.7373 

33.4740 

250.8472 

22.2440 

549.7087 

48.1235 

400.9009 

35.4524 

301.2177 

24.4251 

601 .2686 

49.6310 

451 .0644 

37.2267 

351.2778 

26.3667 

649.5187 

50.9133 

501.1245 

38.8251 

401.4930 

28.0993 

700.0959 

52.0799 

551.0812 

40.3236 

451.8117 

29.6590 

751.0869 

53.3060 

600.4174 

41 .6669 

501.6650 

31.0980 

SF6/A572 

00 

o 

o 

O 

651.2532 

42.9378 

551.7251 

32.4417 

0.4872 

0.2337 

701.4684 

44.1066 

601.6818 

33.6797 

0.9603 

0.4632 

751.1149 

45.2451 

651.8970 

34.8404 

1.3751 

0.6547 

SF6  / A572 

/95°C 

701.8020 

35.9381 

2.0081 

0.9439 

0.7085 

0.2056 

749.3281 

37.0279 

3.0522 

1.3835 

1.2903 

0.3703 

4.0058 

1 .7452 

2.0102 

0.5705 

4.9708 

2.1058 

3.0031 

0.8366 

6.2120 

2.5274 

4.0110 

1 .0904 

6.9360 

2.7702 

4.9941 

1.3309 

8.3840 

3.2345 

6.3387 

1.6308 

9.3666 

3.5001 

7.3213 

1.8708 

10.5044 

3.8604 

8.2522 

2.0504 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

N2  / A600  / 

-93®C 

120.1588 

35.3117 

35.0990 

5.6879 

0.0786 

0.0984 

149.1709 

38.3895 

40.3222 

6.3491 

0.1396 

0.2005 

200.9893 

42.7996 

45.3903 

6.9798 

0.2575 

0.3566 

249.2911 

46.0892 

49.7860 

7.5001 

0.3243 

0.4576 

299.4547 

48.9254 

60.3359 

8.6597 

0.3925 

0.5582 

349.7216 

51.3409 

70.1100 

9.6738 

0.4608 

0.6588 

399.7818 

53.4452 

80.2979 

10.6575 

0.5306 

0.7590 

450.0488 

55.3079 

89.9686 

11.5299 

0.6009 

0.8592 

499.9537 

56.9656 

99.0187 

12.3231 

0.6718 

0.9593 

550.1690 

58.4609 

110.3960 

13.2489 

0.7447 

1.0589 

600.0223 

59.8228 

119.3427 

13.9362 

0.8192 

1.1583 

650.1341 

61.0840 

150.2166 

16.1364 

0.8947 

1.2573 

700.2459 

62.2273 

201.1558 

19.2333 

0.9697 

1.3566 

749.9957 

63.2935 

249.9231 

21.7550 

1 .0452 

1.4558 

N2  / A600 / 

-62°C 

299.9315 

24.0200 

2.0252 

2.6393 

0.2808 

0.0472 

350.0433 

26.0195 

3.0269 

3.7068 

0.4535 

0.0837 

399.8449 

27.8119 

3.9696 

4.6234 

0.5668 

0.1065 

450.1118 

29.4557 

4.9895 

5.5313 

0.6630 

0.1258 

500.0685 

30.9546 

5.9720 

6.3315 

0.7483 

0.1435 

550.1804 

32.3363 

7.0063 

7.1362 

0.8249 

0.1590 

600.3439 

33.6174 

8.0924 

7.9247 

0.8678 

0.1678 

650.0937 

34.8030 

8.9715 

8.5114 

0.9066 

0.1760 

700.4642 

35.9319 

9.9024 

9.1231 

0.9640 

0.1876 

750.2140 

36.9699 

10.9884 

9.7788 

1.0203 

0.1991 

N2  / A600  / -43“C 

12.0744 

10.4243 

1.9967 

0.4038 

0.3837 

0.0276 

13.0570 

1 1 .0047 

3.0310 

0.6133 

0.5606 

0.0428 

14.0913 

11.5689 

3.9919 

0.8044 

0.7199 

0.0558 

16.1082 

12.5858 

5.0008 

1.0011 

0.8342 

0.0653 

18.0216 

13.4763 

6.3454 

1 .2473 

0.8947 

0.0703 

20.0385 

14.4013 

7.0177 

1.3781 

0.9774 

0.0770 

22.2106 

15.3038 

7.9486 

1.5540 

1 .0529 

0.0835 

24.2792 

16.1259 

9.4483 

1.8102 

2.0086 

0.1690 

26.3478 

16.9276 

10.2241 

1.9508 

3.0134 

0.2582 

27.7958 

17.4612 

11.1032 

2.1117 

4.0012 

0.3449 

30.1230 

18.2544 

12.4995 

2.3376 

4.9993 

0.4320 

34.6739 

19.7246 

12.9650 

2.4180 

6.4473 

0.5635 

40.4660 

21.3890 

14.0510 

2.5937 

7.4299 

0.6513 

45.0169 

22.6191 

16.1713 

2.9604 

7.9470 

0.6954 

50.1884 

23.8974 

18.1364 

3.2613 

9.0331 

0.7941 

60.0659 

26.0453 

19.8430 

3.5323 

10.5845 

0.9263 

69.9435 

27.9841 

22.3771 

3.9134 

11.1017 

0.9703 

80.2348 

29.7641 

24.0320 

4.1642 

12.0842 

1.0530 

89.9055 

31.2965 

25.8937 

4.4301 

13.5840 

1.1744 

100.1968 

32.7697 

28.5312 

4.7959 

14.1011 

1.2185 

110.0226 

34.0708 

30.1860 

5.0216 

16.5834 

1.4125 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

18.1349 

1 .5344 

9.0491 

14.8096 

0.7447 

0.3088 

20.1001 

1.6843 

9.9800 

15.6554 

0.7824 

0.3268 

21.9101 

1.8282 

11.0143 

16.4720 

0.8161 

0.3418 

23.9270 

1.9887 

11.8934 

17.1275 

0.8440 

0.3546 

26.1507 

2.1607 

12.9277 

17.8654 

0.8704 

0.3665 

28.1159 

2.2952 

13.9620 

18.5744 

0.8967 

0.3783 

29.9259 

2.4289 

16.0306 

19.8642 

0.9236 

0.3900 

35.2008 

2.8085 

17.9441 

20.9764 

0.9490 

0.4020 

41 .0446 

3.2171 

20.0127 

22.0965 

0.9759 

0.4137 

45.0267 

3.5020 

21.8744 

22.9936 

1 .0028 

0.4254 

49.7845 

3.8222 

23.8396 

23.8987 

2.0050 

0.8563 

60.1792 

4.4934 

26.0116 

24.8116 

3.0279 

1.2715 

70.3671 

5.1328 

28.0285 

25.6049 

3.9960 

1 .6496 

79.4172 

5.6629 

30.1488 

26.3852 

4.9993 

2.0271 

90.1739 

6.2903 

34.8549 

28.0320 

6.1887 

2.4333 

99.4826 

6.8015 

40.2850 

29.7593 

7.1713 

2.7775 

109.3084 

7.3210 

45.0427 

31.1074 

8.2573 

3.1427 

119.1860 

7.8305 

50.0074 

32.3682 

8.9296 

3.3638 

150.2667 

9.3268 

59.8849 

34.6776 

10.2742 

3.7910 

200.7923 

11.5127 

70.4348 

36.7991 

10.9982 

4.0227 

250.2318 

13.4106 

79.7952 

38.4427 

11.9291 

4.3012 

300.1368 

15.1270 

89.8796 

40.0265 

13.1703 

4.6471 

350.0935 

16.7056 

100.0158 

41 .4566 

13.8943 

4.8735 

400.2570 

18.1555 

110.1002 

42.7204 

15.9629 

5.4366 

450.0586 

19.4819 

119.9260 

43.8489 

18.1866 

6.0409 

500.1704 

20.7282 

149.9725 

47.0166 

20.4621 

6.6053 

550.1271 

21.8969 

199.8257 

51.2446 

21.9101 

6.9679 

600.2906 

22.9901 

249.6273 

54.5718 

24.4441 

7.5794 

650.0922 

24.0247 

300.1011 

57.3021 

25.9956 

7.9476 

700.3592 

25.0105 

350.5232 

59.5889 

27.8573 

8.3581 

750.1090 

25.9370 

399.4973 

61.5052 

30.1845 

8.8573 

CO  / A600  / 

-93"C 

449.7126 

63.2546 

34.6837 

9.7892 

0.1614 

0.4860 

500.1347 

64.7929 

40.1655 

10.8482 

0.3175 

0.9728 

549.8328 

66.1468 

44.9750 

11.7321 

0.4644 

1.4611 

600.0481 

67.3702 

50.0948 

12.6131 

0.6175 

1.9483 

649.9531 

68.4703 

59.9723 

14.1758 

0.7773 

2.4346 

700.0132 

69.4791 

70.1085 

15.6339 

0.9448 

2.9194 

750.0733 

70.3962 

79.9860 

16.9399 

1.1196 

3.4034 

CO  / A600  / 

-62°C 

90.0187 

18.1715 

2.0009 

5.5958 

0.1665 

0.0610 

100.0515 

19.3216 

3.0010 

7.5741 

0.3077 

0.1160 

110.1359 

20.3874 

3.9717 

9.2421 

0.4023 

0.1568 

119.9617 

21.3750 

5.0153 

10.7399 

0.4897 

0.1945 

149.5427 

24.0223 

6.0496 

11.7304 

0.5699 

0.2303 

200.9474 

27.8324 

7.0322 

12.8659 

0.6454 

0.2634 

249.6112 

30.8160 

8.0148 

13.8357 

0.6997 

0.2879 

299.3611 

33.4171 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

349.6798 

35.7053 

80.0036 

9.1674 

30.0299 

27.6836 

399.8433 

37.7198 

90.1398 

10.0184 

35.1497 

29.7100 

449.8517 

39.5255 

100.2242 

10.8063 

40.0626 

31.4332 

500.0153 

41.1573 

109.0675 

11.4786 

44.9755 

32.9997 

549.9720 

42.6499 

120.2896 

12.2771 

50.1470 

34.4662 

600.0838 

44.0287 

150.1292 

14.2394 

60.0246 

36.9463 

650.0922 

45.2910 

199.3101 

17.0468 

70.1607 

39.1311 

699.9454 

46.4662 

250.0943 

19.5194 

79.8314 

40.9670 

750.1090 

47.5694 

299.5855 

21.6417 

89.9676 

42.6886 

CO  / A600  / -43"C 

349.9042 

23.5686 

100.0520 

44.2198 

0.2917 

0.0340 

399.9643 

25.2990 

110.0330 

45.5944 

0.4872 

0.0647 

449.9727 

26.8881 

120.0140 

46.8617 

0.5994 

0.0816 

500.1363 

28.3436 

150.2155 

50.1295 

0.6976 

0.0967 

549.9896 

29.6756 

200.4308 

54.3336 

0.7824 

0.1099 

600.0497 

30.9200 

249.9738 

57.5827 

0.8450 

0.1193 

650.1098 

32.0908 

300.4993 

60.2788 

0.9138 

0.1305 

700.0665 

33.1973 

349.3183 

62.4502 

0.9712 

0.1396 

750.1783 

34.2250 

399.4818 

64.3830 

1 .0224 

0.1477 

CH4  / A600  / -62"C 

449.8005 

66.0913 

1.9941 

0.3125 

0.1629 

0.4846 

499.9641 

67.6046 

3.0455 

0.4855 

0.3274 

0.9691 

549.9725 

68.9610 

3.9924 

0.6391 

0.4820 

1 .4553 

600.0326 

70.1906 

5.0169 

0.8027 

0.6428 

1.9404 

649.9893 

71.3172 

6.0512 

0.9323 

0.8119 

2.4243 

699.9977 

72.3662 

7.2923 

1.1164 

0.9888 

2.9062 

750.1095 

73.3380 

8.0681 

1.2308 

1.1734 

3.3871 

CH4  / A600  / -43“C 

8.9472 

1 .3700 

2.0236 

5.3754 

0.1034 

0.1172 

9.9815 

1.5143 

3.0667 

7.3595 

0.1996 

0.2328 

11.3261 

1 .6987 

3.9712 

8.8715 

0.3558 

0.4005 

12.0501 

1.8179 

4.9998 

10.3609 

0.4737 

0.5380 

13.0327 

1.9475 

6.1375 

11.5831 

0.5802 

0.6615 

14.1704 

2.1068 

7.0167 

12.6279 

0.6847 

0.7801 

16.1356 

2.3806 

8.1027 

13.8057 

0.7912 

0.8974 

18.5145 

2.6943 

8.9301 

14.6648 

0.8693 

0.9827 

19.9625 

2.8933 

9.9127 

15.5932 

0.9588 

1.0806 

21 .8242 

3.1373 

10.9470 

16.5415 

1.0508 

1.1784 

24.4100 

3.4761 

12.0330 

17.4074 

1.9983 

2.1170 

26.0649 

3.6755 

12.9639 

18.1502 

3.0305 

3.0314 

27.9266 

3.9048 

13.9982 

18.9621 

3.9665 

3.7884 

29.7884 

4.1340 

16.2220 

20.5189 

4.9889 

4.5470 

35.0633 

4.7617 

18.0837 

21.6781 

6.0750 

5.2457 

40.2348 

5.3404 

20.1006 

22.8775 

7.0058 

5.8510 

45.3029 

5.8939 

21.9623 

23.8756 

8.0918 

6.5599 

49.5435 

6.3381 

23.8758 

24.8695 

9.0744 

7.0947 

59.421 1 

7.3167 

26.0995 

25.9388 

9.9536 

7.5979 

70.1778 

8.3069 

28.1164 

26.8410 

11.0913 

8.2009 
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PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

12.0739 

8.7053 

13.2116 

9.2523 

14.1942 

9.6854 

15.9525 

10.4426 

18.0728 

11.3157 

20.1932 

12.1379 

22.3135 

12.9045 

23.8132 

13.4145 

26.2955 

14.2410 

27.9504 

14.7632 

29.8121 

15.3132 

34.9319 

16.7702 

40.2586 

18.1434 

44.9129 

19.2752 

50.2396 

20.4355 

59.6517 

22.3233 

70.2533 

24.2200 

80.1826 

25.8049 

90.0084 

27.2320 

100.2480 

28.6060 

110.2290 

29.7962 

119.0722 

30.7895 

149.1187 

33.8602 

202.3334 

38.1647 

249.5492 

41.2147 

300.0747 

43.9341 

349.6177 

46.1985 

399.7296 

48.1854 

449.8414 

49.9471 

500.0566 

51.5197 

550.0651 

52.9209 

600.0217 

54.1894 

650.0302 

55.3623 

700.3488 

56.4162 

750.7192 

57.4171 

CH4/ A600/-16"C 

0.6170 

0.1545 

1.0938 

0.2853 

2.0040 

0.5370 

3.0233 

0.8111 

3.9981 

1.0665 

5.0003 

1.3223 

6.2932 

1 .6309 

7.0172 

1.8063 

7.9481 

2.0247 

9.2410 

2.3233 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

10.0684 

2.5053 

10.9993 

2.7039 

12.4990 

3.0306 

13.5333 

3.2408 

14.0504 

3.3632 

16.0673 

3.7678 

18.3428 

4.2111 

19.8942 

4.5188 

22.4800 

5.0019 

24.0314 

5.2898 

25.9966 

5.6188 

28.3238 

6.0283 

30.0304 

6.3186 

35.0467 

7.1334 

40.1665 

7.9054 

45.2346 

8.6564 

49.7855 

9.2850 

60.2837 

10.6487 

70.1095 

11.8380 

80.2974 

12.9642 

89.9681 

13.9821 

100.3111 

14.9958 

109.1026 

15.8111 

120.2213 

16.7925 

150.4229 

19.1701 

200.7933 

22.5144 

249.8708 

25.2476 

299.4655 

27.6217 

349.6808 

29.7355 

399.9995 

31.6195 

449.9045 

33.3084 

500.0680 

34.8624 

550.1281 

36.2659 

600.0848 

37.5528 

649.9381 

38.7748 

700.3085 

39.9153 

750.0066 

40.9657 

C2H6  / A600  / 40“C 

0.3884 

0.5098 

0.7716 

0.9991 

1.1584 

1 .4494 

1.9910 

2.3652 

3.0046 

3.2993 

3.9898 

4.1512 

5.0303 

4.9279 

6.1163 

5.6617 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

6.9438 

6.1999 

7.9781 

6.8379 

9.0124 

7.3964 

10.0984 

7.9611 

11.0810 

8.4685 

12.1670 

8.9786 

13.1496 

9.4364 

13.8736 

9.7434 

16.2525 

10.6943 

18.3728 

11.5092 

19.8725 

11.9950 

22.2514 

12.7917 

24.0097 

13.3141 

26.4403 

14.0425 

28.0952 

14.4777 

29.8535 

14.9453 

35.2836 

16.2876 

40.1965 

17.3635 

44.6440 

18.2432 

50.0224 

19.2569 

60.4688 

20.8726 

69.9326 

22.2290 

79.3965 

23.3674 

90.0498 

24.5910 

99.3585 

25.5109 

109.2878 

26.4169 

119.8376 

27.3935 

151.0735 

29.5475 

199.2719 

32.2544 

250.2111 

34.4568 

300.5298 

36.3054 

350.1245 

37.7229 

399.0986 

38.9388 

450.7102 

40.2189 

500.3049 

41.1247 

550.7787 

42.0722 

599.8563 

42.8550 

649.5544 

43.6193 

699.8730 

44.2949 

749.7263 

44.9287 

C2H6  / A600  / 55“C 

0.3987 

0.2655 

0.7333 

0.5054 

1 .0436 

0.7190 

1.9972 

1.3505 

3.0470 

1.9810 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

4.0074 

2.5265 

1.0421 

0.4013 

C2H6/A600/100“C 

4.9812 

3.0268 

1.9998 

0.7876 

0.5735 

0.0806 

6.0672 

3.5295 

3.0600 

1.1807 

1.0596 

0.1506 

7.1015 

3.9953 

3.9971 

1 .5247 

2.0340 

0.2989 

8.1875 

4.4727 

5.0448 

1.8822 

3.0362 

0.4488 

8.9632 

4.7639 

6.2342 

2.2673 

4.0193 

0.5874 

10.1527 

5.2494 

7.3203 

2.5858 

5.0350 

0.7327 

11.0318 

5.5487 

7.9926 

2.7852 

6.3278 

0.9284 

12.2730 

6.0055 

9.3371 

3.1544 

7.2070 

1.0412 

13.1004 

6.2525 

9.9577 

3.3526 

8.4999 

1.2218 

14.2382 

6.6453 

10.9920 

3.6351 

8.9653 

1.2815 

16.2033 

7.2397 

11.9746 

3.8670 

10.1030 

1 .4225 

18.2719 

7.8679 

13.2675 

4.2054 

11.4993 

1.5865 

19.9268 

8.3066 

14.1466 

4.4002 

12.8957 

1.7556 

22.3057 

8.9539 

16.0084 

4.8714 

13.3611 

1.8104 

24.0123 

9.3587 

17.9218 

5.2501 

14.2920 

1.9098 

25.7706 

9.8055 

20.1456 

5.7599 

16.2571 

2.1817 

28.3564 

10.3831 

22.1107 

6.1349 

18.1706 

2.3773 

29.9595 

10.7545 

24.0242 

6.4790 

20.4460 

2.6690 

34.9759 

11.7837 

26.2997 

6.9607 

22.2044 

2.8498 

40.0440 

12.7335 

28.1097 

7.2676 

24.0661 

3.0188 

45.1637 

13.6747 

29.8163 

7.5818 

26.3933 

3.3072 

49.7147 

14.3764 

35.2981 

8.5187 

28.2550 

3.4912 

60.0059 

15.9360 

40.4179 

9.3186 

30.1167 

3.6403 

69.5215 

17.0683 

44.7619 

9.9358 

35.0814 

4.1672 

80.1231 

18.3238 

50.2437 

10.6901 

39.9426 

4.5914 

89.4318 

19.2729 

60.5350 

11.9790 

44.9590 

4.9758 

99.2059 

20.2206 

70.0506 

13.0910 

50.4407 

5.5242 

110.2729 

21.2270 

79.6695 

13.9893 

60.9389 

6.3674 

119.7368 

21.9378 

90.4263 

15.0148 

69.7822 

6.9444 

149.6798 

24.0102 

99.5281 

15.7858 

80.7974 

7.7146 

202.2222 

26.8748 

109.1471 

16.5995 

89.9510 

8.2710 

250.3689 

29.0323 

119.4384 

17.3115 

99.3631 

8.8854 

300.5324 

30.7336 

149.7434 

19.2806 

109.1890 

9.5428 

350.7477 

32.2567 

202.1307 

22.0275 

120.3594 

10.0344 

399.7735 

33.5278 

250.7428 

24.0661 

150.7161 

11.5437 

449.7819 

34.6829 

300.4926 

25.9312 

203.1034 

13.7414 

499.8420 

35.7131 

350.1907 

27.2772 

251.4052 

15.4425 

549.9539 

36.6381 

400.9231 

28.6374 

299.9139 

16.9043 

599.8588 

37.4972 

450.9832 

29.8097 

351.5255 

18.3261 

650.1776 

38.2575 

499.4402 

30.8382 

400.1893 

19.4579 

699.7722 

38.9552 

551.4138 

31.8218 

451.6974 

20.5916 

749.7289 

39.6683 

599.5604 

32.6498 

500.0510 

21.5609 

C2H6  / A600  / 70°C 

649.1034 

33.5379 

549.1285 

22.6330 

0.4153 

0.1469 

700.5081 

34.1864 

601.9812 

23.3088 

0.7530 

0.2845 

750.8268 

34.9753 

650.3865 

24.1158 

142 


PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torn) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

700.7569 

24.8121 

651.9938 

19.9615 

550.3221 

17.1529 

751.3859 

25.4662 

702.2607 

20.3266 

599.8134 

17.5899 

SF6  / A600  / 50"C 

752.3726 

20.6830 

650.2872 

18.0165 

1.3606 

0.5291 

SF6/A600/65"C 

700.4507 

18.3766 

1.9962 

0.8423 

0.8083 

0.1566 

751 .0280 

18.7671 

3.3801 

1.2859 

1.3399 

0.2834 

SF6/A600/80"C 

3.9784 

1.5334 

2.0453 

0.4633 

0.5358 

0.0766 

5.3494 

1 .9240 

3.0269 

0.6970 

0.9552 

0.1433 

5.9700 

2.0428 

3.9831 

0.9154 

1.3053 

0.2013 

7.2629 

2.3022 

4.9874 

1.1405 

1.9983 

0.3215 

8.1420 

2.4738 

6.0217 

1.2836 

3.0248 

0.4820 

9.0729 

2.6672 

7.3663 

1.4980 

4.0012 

0.6473 

10.5209 

2.9411 

8.5040 

1.6878 

5.1275 

0.8092 

10.9346 

3.0589 

9.5900 

1.8812 

6.0067 

0.9130 

12.1758 

3.2763 

9.9520 

1.9539 

6.9376 

1.0285 

13.0549 

3.4681 

11.0380 

2.1031 

7.9202 

1.1407 

14.2961 

3.6705 

12.4861 

2.3201 

9.3165 

1.3318 

16.3130 

3.9958 

13.7272 

2.5076 

10.2990 

1 .4490 

18.0196 

4.2368 

14.0375 

2.5839 

11.7988 

1.6181 

20.3985 

4.6333 

16.3647 

2.8862 

12.2125 

1 .6868 

22.2085 

4.8723 

18.3299 

3.1353 

13.1951 

1.7840 

24.1737 

5.1408 

20.0365 

3.3291 

14.5397 

1.9330 

25.8285 

5.3752 

21.8982 

3.5364 

16.0911 

2.0836 

27.9489 

5.6383 

24.3805 

3.8622 

18.3149 

2.3263 

29.8623 

5.8752 

26.2423 

4.0450 

20.0215 

2.4919 

35.3958 

6.4235 

27.8454 

4.2116 

22.0383 

2.6677 

40.8776 

6.9908 

29.8106 

4.4168 

23.9001 

2.8385 

45.1182 

7.3708 

35.2407 

4.8926 

25.8653 

3.0275 

49.9794 

7.7689 

39.6364 

5.2696 

27.9856 

3.2013 

60.2190 

8.5094 

45.4285 

5.7983 

29.8990 

3.3685 

69.5277 

9.1317 

50.1863 

6.1256 

35.5877 

3.7778 

79.6121 

9.7323 

59.9087 

6.7942 

39.6732 

4.1004 

89.4897 

10.2860 

69.6829 

7.3560 

44.9998 

4.4376 

99.6258 

10.8213 

79.2501 

7.9225 

49.6024 

4.7616 

109.7103 

11.3003 

89.5414 

8.4526 

60.4109 

5.3755 

119.8464 

1 1 .7305 

99.5224 

8.9416 

69.5644 

5.8759 

150.7720 

12.7829 

109.7620 

9.3624 

79.7006 

6.3832 

199.8495 

14.1147 

119.5878 

9.7732 

89.6816 

6.8495 

249.8062 

15.1710 

150.2548 

10.7705 

99.9729 

7.2654 

299.5560 

16.0581 

199.2289 

12.0938 

109.5918 

7.6799 

349.8230 

16.8565 

249.5476 

13.1475 

120.0383 

8.0504 

400.5554 

17.5125 

299.2458 

14.0514 

150.4984 

9.0178 

450.9258 

18.1176 

349.9265 

14.8493 

199.2657 

10.2402 

501.2963 

18.6522 

400.2451 

15.5324 

249.5326 

11.2891 

551.6149 

19.1449 

449.9950 

16.1330 

299.9547 

12.1768 

602.0888 

19.5514 

500.0551 

16.6872 

349.9632 

12.9381 
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PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

401.4713 

13.6255 

451 .9969 

14.2294 

502.2121 

14.7676 

552.6860 

15.2335 

602.5909 

15.7064 

653.2717 

16.0631 

702.9697 

16.4794 

753.5988 

16.7787 

SF6  / A600  / 95"C 

0.7142 

0.0630 

1.1920 

0.1098 

1.9900 

0.1941 

3.0238 

0.3018 

3.9965 

0.4032 

5.0169 

0.5059 

6.3092 

0.6355 

7.2918 

0.7257 

8.7915 

0.8519 

9.2053 

0.9044 

10.3947 

0.9912 

1 1 .8427 

1.1306 

12.3082 

1.1749 

13.3942 

1.2534 

14.8422 

1.3780 

16.0834 

1 .4663 

18.4105 

1 .6629 

20.1171 

1.7857 

22.1857 

1.9098 

23.8923 

2.0325 

25.9092 

2.1848 

27.9261 

2.3271 

30.0464 

2.4479 

35.6316 

2.7911 

40.1308 

3.0309 

44.7335 

3.3086 

49.9050 

3.5794 

60.3514 

4.1341 

70.2290 

4.5223 

79.4342 

4.9044 

89.6221 

5.3271 

99.9134 

5.6936 

109.7392 

6.0654 

120.0822 

6.3841 

150.4906 

7.3253 

200.1888 

8.3947 

249.4732 

9.3719 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

300.4124 

10.2498 

350.1623 

10.9937 

401.3601 

11.6691 

451.6788 

12.2923 

502.4112 

12.7848 

552.0059 

13.3308 

603.1003 

13.7059 

652.3330 

14.1911 

703.5309 

14.4850 

752.8152 

14.8924 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

N2/BPL/ 

-93"C 

650.1625 

73.4739 

109.2055 

11.1271 

0.4194 

0.4802 

699.9641 

75.6185 

119.0831 

11.8384 

0.8305 

0.9501 

750.3862 

77.6225 

149.3881 

13.8654 

1.2500 

1.3790 

N2 / BPL / 

-62"C 

199.3965 

16.8450 

1.9879 

2.0859 

0.3108 

0.0441 

250.0772 

19.5481 

3.0419 

2.9609 

0.5006 

0.0757 

300.1373 

21.9493 

3.9722 

3.6762 

0.6361 

0.0991 

349.8354 

24.1567 

5.0184 

4.4001 

0.7349 

0.1162 

400.3093 

26.2245 

5.9488 

4.9857 

0.7840 

0.1243 

450.4728 

28.1501 

7.0348 

5.6578 

0.8316 

0.1320 

500.1192 

29.9546 

8.1208 

6.2680 

0.8714 

0.1389 

550.2311 

31.6813 

9.1551 

6.8476 

0.9076 

0.1448 

600.2912 

33.3260 

10.1377 

7.3554 

0.9391 

0.1502 

650.2996 

34.8745 

11.1203 

7.8529 

0.9666 

0.1549 

700.1011 

36.3553 

11.8960 

8.2489 

0.9919 

0.1593 

750.3164 

37.7994 

13.1372 

8.8166 

1.0162 

0.1636 

N2  / BPL  / -43"C 

13.8612 

9.1460 

2.0014 

0.3389 

0.4334 

0.0232 

15.9298 

10.0269 

3.0321 

0.5135 

0.6563 

0.0378 

18.1535 

10.9374 

3.9877 

0.6714 

0.7535 

0.0434 

20.1704 

11.7053 

5.0003 

0.8346 

0.8367 

0.0486 

22.2390 

12.4881 

6.0341 

0.9576 

0.9066 

0.0530 

23.8422 

13.0479 

7.2753 

1.1476 

0.9640 

0.0567 

26.1176 

13.8084 

8.6199 

1.3484 

1.0136 

0.0601 

27.7208 

14.3425 

9.2922 

1.4488 

2.0262 

0.1421 

30.1514 

15.1227 

10.2230 

1.5761 

3.0553 

0.2232 

34.9609 

16.5338 

11.5159 

1.7613 

3.9950 

0.2967 

40.0290 

17.9477 

11.9813 

1.8301 

4.9998 

0.3747 

45.3039 

19.3034 

13.0673 

1.9736 

6.0858 

0.4331 

49.9582 

20.4633 

14.4119 

2.1642 

7.6890 

0.5532 

60.1978 

22.7651 

15.8600 

2.3607 

8.2579 

0.6055 

69.9202 

24.7875 

18.3423 

2.6851 

9.3439 

0.6841 

80.2115 

26.7540 

20.2040 

2.9145 

10.1713 

0.7394 

90.0374 

28.4922 

21.9623 

3.1432 

11.1539 

0.8168 

100.1218 

30.1563 

23.8241 

3.3776 

1 1 .9296 

0.8716 

109.9476 

31.6876 

25.8927 

3.6135 

13.1708 

0.9672 

120.1872 

33.2000 

27.7544 

3.8275 

14.8774 

1 .0784 

150.8542 

37.3320 

29.7713 

4.0630 

16.0668 

1.1736 

201.1729 

43.1719 

34.8911 

4.6317 

18.1871 

1.3102 

249.8367 

48.0052 

40.5280 

5.2448 

19.9454 

1.4371 

299.3797 

52.3353 

44.7686 

5.6815 

21.9106 

1.5767 

349.8018 

56.2905 

49.6816 

6.1633 

23.9792 

1.7075 

400.2239 

59.8493 

59.4040 

7.0858 

25.9961 

1.8478 

449.9738 

63.0530 

70.3158 

8.0470 

28.3233 

2.0019 

500.2408 

65.9908 

80.0900 

8.8846 

30.0816 

2.1189 

549.8354 

68.6824 

89.2435 

9.6215 

35.5117 

2.4666 

600.3093 

71.1969 

100.1037 

10.4554 

39.8040 

2.7301 
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PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

44.8204 

3.0325 

49.7850 

3.3242 

60.0763 

3.9169 

69.3333 

4.4366 

79.3143 

4.9599 

89.1401 

5.4762 

99.3280 

5.9826 

109.2572 

6.4748 

119.3934 

6.9443 

150.0604 

8.3327 

200.1722 

10.3847 

250.0772 

12.2524 

300.1890 

13.9904 

350.1457 

15.6154 

400.2058 

17.1352 

450.1108 

18.5719 

500.0675 

19.9490 

550.3345 

21 .2626 

600.1877 

22.5211 

650.2996 

23.7322 

700.1528 

24.8947 

750.3164 

26.0096 

CO/BPL/ 

-93"C 

0.1960 

0.5219 

0.4173 

1.0316 

0.6532 

1.5385 

0.8952 

2.0027 

1.1553 

2.4621 

2.0453 

3.8166 

3.0041 

5.0356 

3.9727 

6.1170 

4.9574 

7.0913 

6.1468 

8.1489 

7.0777 

8.9169 

8.0086 

9.6407 

8.9912 

10.3587 

10.0255 

11.0511 

11.0598 

11.7092 

11.8872 

12.2337 

12.9732 

12.8466 

13.9041 

13.3986 

16.2830 

14.6406 

17.8344 

15.4363 

20.1099 

16.4785 

21.9199 

17.3184 

24.2988 

18.3000 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

26.1605 

19.0652 

28.2809 

19.8598 

30.2460 

20.5987 

35.3141 

22.3394 

39.9167 

23.8235 

45.1400 

25.3649 

49.8977 

26.6990 

59.8270 

29.2312 

70.0149 

31.6058 

80.0476 

33.7293 

89.9251 

35.6677 

100.0096 

37.5244 

110.0940 

39.2575 

120.0233 

40.8659 

150.5868 

45.3376 

201.2158 

51.5713 

249.2074 

56.5969 

299.2675 

61.1668 

349.5862 

65.2364 

399.8531 

68.8790 

449.7581 

72.1718 

499.9734 

75.2043 

549.9301 

77.9734 

599.9385 

80.5344 

649.8951 

82.9348 

700.0587 

85.1939 

750.0154 

87.3098 

CO/BPL/ 

-62"C 

0.1976 

0.0523 

0.3584 

0.1035 

0.4639 

0.1457 

0.5518 

0.1811 

0.6113 

0.2041 

0.6666 

0.2257 

0.7183 

0.2456 

0.7643 

0.2643 

0.8099 

0.2812 

0.8523 

0.2970 

0.8916 

0.3113 

0.9272 

0.3246 

0.9712 

0.3407 

1 .0002 

0.3512 

1.9931 

0.7009 

3.0295 

1.0416 

3.9857 

1.3398 

4.9931 

1 .6406 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

6.2342 

1.9536 

7.1651 

2.2161 

7.9408 

2.4383 

8.9234 

2.6908 

10.2163 

3.0036 

11.0437 

3.1904 

12.0263 

3.4276 

13.2158 

3.7306 

14.1984 

3.9324 

16.0601 

4.3361 

18.1804 

4.8057 

19.8353 

5.1336 

22.3693 

5.6128 

23.9208 

5.9055 

26.4548 

6.3899 

28.0580 

6.6723 

29.8680 

6.9950 

34.8844 

7.8376 

40.1593 

8.6498 

45.1239 

9.3915 

49.5714 

10.0271 

59.4490 

11.3588 

70.2574 

12.6791 

79.8764 

13.7926 

90.2194 

14.8963 

99.8901 

15.8983 

110.2331 

16.9108 

120.1624 

17.8132 

149.8468 

20.3676 

200.5275 

24.1605 

249.9670 

27.3850 

299.6134 

30.2880 

349.8287 

32.9597 

399.9922 

35.3986 

449.8972 

37.6531 

500.1642 

39.7464 

549.8623 

41.7030 

600.1293 

43.5776 

650.1377 

45.3308 

700.1461 

46.9669 

749.8959 

48.5286 

CO  /BPL/^3“C 

0.3201 

0.0296 

0.5280 

0.0566 

0.6439 

0.0725 

0.7406 

0.0865 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torn) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

0.8233 

0.0992 

650.0415 

31.2172 

449.7529 

79.2538 

0.8942 

0.1100 

700.2568 

32.5429 

500.0199 

82.7144 

0.9557 

0.1196 

750.0583 

33.8071 

549.8215 

85.8746 

1.0090 

0.1277 

CH4/BPL/ 

-62°C 

600.0367 

88.8091 

2.0107 

0.2810 

0.2601 

0.5310 

649.9417 

91.5170 

3.0227 

0.4290 

0.5042 

1.0416 

699.8984 

94.0689 

4.0152 

0.5708 

0.7638 

1 .5366 

750.1136 

96.4709 

5.0003 

0.7085 

1.0353 

1.9986 

CH4  / BPL  / -43"C 

5.9829 

0.8091 

1.9967 

3.4430 

0.5746 

0.4587 

7.3275 

1.0025 

2.9907 

4.6969 

1.1041 

0.8729 

8.2584 

1.1181 

3.9707 

5.8092 

2.0474 

1.5502 

9.5512 

1 .2960 

5.0039 

6.8465 

3.0015 

2.1733 

10.0167 

1.3589 

5.9865 

7.7382 

3.9815 

2.7637 

10.9993 

1.4849 

7.0208 

8.5894 

4.9848 

3.3293 

12.4990 

1.6638 

7.9517 

9.3450 

6.0708 

3.8899 

13.3782 

1.7640 

9.0377 

10.1458 

7.1051 

4.4140 

14.5676 

1.9010 

10.0720 

10.8911 

8.1394 

4.8968 

15.9122 

2.0642 

10.9512 

1 1 .4903 

9.2254 

5.4005 

18.2911 

2.3384 

11.9855 

12.1447 

9.9494 

5.7054 

19.9460 

2.5282 

12.9681 

12.7638 

1 1 .2423 

6.2418 

21.8077 

2.7443 

14.0541 

13.3932 

11.9146 

6.5360 

24.4969 

3.0299 

16.0192 

14.5258 

12.8972 

6.9151 

25.9966 

3.1990 

17.9844 

15.5727 

14.1384 

7.4099 

28.0135 

3.3956 

19.9496 

16.5743 

16.3104 

8.1956 

29.7718 

3.5756 

22.0182 

17.5760 

18.3273 

8.9181 

34.7365 

4.0798 

24.0868 

18.5122 

19.8270 

9.4200 

40.2700 

4.6069 

26.2071 

19.4180 

22.2576 

10.2077 

44.6140 

5.0069 

28.0171 

20.2030 

23.8608 

10.7000 

49.5269 

5.4450 

30.2926 

21.1336 

26.4465 

11.4838 

60.1802 

6.3564 

34.7401 

22.7834 

28.0497 

11.9400 

70.2129 

7.1435 

39.9633 

24.6249 

29.8597 

12.4598 

80.1939 

7.8942 

45.0831 

26.3157 

35.3415 

13.9010 

90.0715 

8.6097 

50.0994 

27.8403 

39.8924 

15.0512 

99.0699 

9.2357 

59.8218 

30.5816 

45.2708 

16.3218 

110.1886 

9.9722 

70.1648 

33.2423 

49.9769 

17.3906 

119.2388 

10.5469 

79.9907 

35.5616 

60.3199 

19.5361 

150.0609 

12.3955 

89.9717 

37.7551 

69.9906 

21.3875 

200.4830 

15.0947 

100.0561 

39.8128 

80.0750 

23.1803 

250.0260 

17.4550 

109.9854 

41.7287 

90.0560 

24.8477 

299.7758 

19.6185 

120.0698 

43.5740 

100.1404 

26.4291 

349.9911 

21 .6244 

150.7885 

48.6386 

110.0697 

27.9009 

399.9995 

23.4742 

201.0555 

55.6946 

120.1541 

29.3181 

450.0079 

25.1999 

249.5125 

61.4697 

149.0628 

33.0621 

499.9646 

26.8392 

300.2449 

66.7969 

201.1915 

38.9219 

550.2316 

28.3844 

349.8913 

71.3629 

249.6485 

43.6494 

600.0331 

29.8256 

399.4342 

75.4566 

299.6052 

47.9786 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

349,6136 

51.9212 

120.1686 

14.4980 

100.5438 

22.5335 

399.8806 

55.5569 

150.2667 

16.8989 

109.4388 

23.5145 

449.4752 

58.8621 

200.8440 

20.4877 

120.0403 

24.7811 

499.9491 

61.9992 

250.0250 

23.6035 

151.6899 

27.9387 

550.1126 

64.9021 

299.9817 

26.4706 

200.1469 

32.2300 

599.9659 

67.6274 

349.9384 

29.1264 

250.1553 

36.0145 

650.1812 

70.1954 

400.1536 

31.5903 

299.6982 

39.2803 

699.8793 

72.6254 

449.9034 

33.8924 

349.3446 

42.2582 

750.1462 

74.9562 

500.2221 

36.0887 

400.1805 

45.0011 

CH4  / BPL  / 

-16"C 

550.1788 

38.1521 

449.6200 

47.4759 

0.2679 

0.0509 

600.0321 

40.1099 

499.8870 

49.8625 

0.4551 

0.0899 

650.0405 

41.9928 

550.9814 

51.9966 

0.7173 

0.1458 

700.2557 

43.7858 

599.2833 

53.9088 

0.9241 

0.1889 

749.9022 

45.4915 

650.4294 

55.7682 

1.0896 

0.2239 

C2H6  / BPL  / 40"C 

699.7137 

57.5039 

2.0071 

0.4287 

0.5446 

0.4239 

750.4979 

59.1616 

3.0538 

0.6524 

1.0819 

0.8496 

C2H6  / BPL  / 55"C 

3.9908 

0.8468 

2.0076 

1.5292 

1.0953 

0.5077 

4.9993 

1.0503 

3.0543 

2.1911 

1.9853 

0.9177 

6.4473 

1 .3260 

3.9841 

2.7424 

3.0801 

1 .3662 

7.6368 

1.5615 

5.0779 

3.2919 

3.9862 

1.7199 

8.1022 

1.6410 

6.2156 

3.7424 

5.0081 

2.0950 

9.0848 

1.8217 

7.2499 

4.1857 

6.3010 

2.5157 

10.3776 

2.0485 

8.1808 

4.6026 

7.2835 

2.8507 

11.6188 

2.2589 

9.2151 

5.0314 

8.2144 

3.1076 

12.0842 

2.3386 

9.9391 

5.2843 

9.4556 

3.4755 

13.1185 

2.5251 

1 1 .2320 

5.8108 

10.1279 

3.6635 

14.5666 

2.7493 

12.0077 

6.0938 

11.0070 

3.9085 

16.4800 

3.0579 

12.9903 

6.4154 

1 1 .8862 

4.1484 

17.9798 

3.2931 

14.1797 

6.8285 

13.4376 

4.5507 

20.6172 

3.7008 

16.0932 

7.4365 

14.4202 

4.8089 

22.2204 

3.9375 

18.3169 

8.0951 

16.0234 

5.1615 

24.1338 

4.2204 

19.8684 

8.5356 

18.0920 

5.6551 

26.0990 

4.5143 

22.3507 

9.2291 

19.8503 

6.0478 

27.9090 

4.7646 

23.9539 

9.6659 

22.3843 

6.5852 

29.8742 

5.0328 

25.8673 

10.1438 

23.9358 

6.9309 

34.9423 

5.7263 

28.2979 

10.7393 

26.0044 

7.3168 

39.7001 

6.3269 

29.9528 

11.1193 

28.3315 

7.7563 

44.5613 

6.9393 

35.0209 

12.2569 

29.9864 

8.0588 

49.5776 

7.5344 

40.3475 

13.3478 

35.0545 

8.9440 

60.0758 

8.7463 

45.1570 

14.2918 

40.0191 

9.7952 

70.4705 

9.8638 

50.1734 

15.2113 

45.2941 

10.6300 

79.3137 

10.7616 

59.7924 

16.8569 

49.6381 

1 1 .2696 

90.1739 

1 1 .8302 

70.3422 

18.4656 

60.1880 

12.7034 

99.2757 

12.6744 

79.9612 

19.8070 

69.9621 

13.9816 

109.1016 

13.5507 

89.7354 

21.1615 

80.3051 

15.2413 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

89.2518 

16.2257 

59.5622 

9.0046 

45.9203 

5.1218 

99.2328 

17.2692 

69.6467 

9.9382 

49.7472 

5.4977 

109.8344 

18.4119 

80.0931 

10.9807 

60.6074 

6.4151 

119.4017 

19.3219 

89.8155 

11.7461 

69.5024 

7.1191 

149.6549 

21.9549 

100.7274 

12.6825 

79.6902 

7.8442 

201.0596 

25.8158 

109.7775 

13.3809 

90.8090 

8.6411 

249.5683 

28.9973 

120.8962 

14.2595 

99.2385 

9.3301 

299.7319 

31.9169 

150.9944 

16.3630 

110.1504 

9.9598 

350.1540 

34.5963 

200.0202 

19.3989 

120.3899 

10.6152 

400.1624 

37.0060 

249.9769 

22.1486 

151.3672 

12.4374 

449.9639 

39.2155 

300.6576 

24.6705 

200.7033 

15.0360 

500.0758 

41.2750 

350.2523 

26.8933 

249.9360 

17.3886 

550.1876 

43.1814 

400.8812 

28.9978 

299.9444 

19.5704 

599.8340 

44.9725 

451.0448 

30.9544 

349.5908 

21 .6425 

650.0493 

46.7231 

501.1049 

32.7947 

401.3058 

23.4722 

700.4714 

48.3626 

550.1824 

34.4754 

451 .4694 

25.1865 

749.9109 

49.8962 

601.3803 

36.1051 

501.0641 

26.8448 

C2H6  / BPL  / 70“C 

651.1301 

37.6607 

550.7621 

28.3467 

0.4344 

0.1122 

701.3971 

39.1409 

601 .4429 

29.8441 

0.7690 

0.2055 

751.2504 

40.5512 

650.3135 

31.2267 

1.0090 

0.2712 

C2H6/BPL/100"C 

701.0460 

32.6279 

2.0179 

0.5445 

0.6113 

0.0744 

750.8992 

33.8462 

3.0331 

0.8021 

1 .0922 

0.1436 

SFe/BPL/ 

50"C 

3.9810 

1.0336 

1.9936 

0.2874 

0.7928 

0.6195 

5.0029 

1 .2724 

3.0864 

0.4499 

1 .6089 

1.1560 

6.3475 

1.5516 

3.9857 

0.5922 

1 .9998 

1 .4002 

7.0715 

1 .6952 

5.1172 

0.7433 

3.0693 

1.9811 

7.9507 

1.8874 

6.3066 

0.9261 

3.9707 

2.4454 

9.3470 

2.1434 

7.1858 

1 .0268 

4.9626 

2.8987 

10.0710 

2.2819 

8.4787 

1.2077 

6.1003 

3.3721 

11.2087 

2.5209 

10.0301 

1 .4022 

7.2897 

3.8421 

12.6050 

2.7619 

10.0301 

1.4022 

8.2723 

4.2255 

13.0187 

2.8326 

11.3747 

1.5745 

8.9963 

4.4637 

14.1565 

3.0270 

12.7193 

1.7415 

10.2375 

4.8968 

16.2251 

3.4053 

13.2365 

1.7892 

11.1167 

5.1965 

18.2419 

3.7128 

14.2708 

1.9308 

11.9441 

5.4660 

20.5691 

4.1179 

16.4428 

2.1708 

12.8750 

5.7525 

22.3274 

4.3540 

18.5114 

2.4180 

14.1678 

6.1390 

24.2926 

4.6997 

20.1663 

2.5952 

16.0813 

6.6989 

26.1543 

4.9633 

21.8211 

2.8136 

18.3050 

7.3098 

28.0678 

5.1987 

24.0449 

3.0296 

19.8565 

7.7267 

30.3950 

5.5593 

26.4755 

3.2987 

22.4422 

8.3754 

35.4630 

6.1630 

28.2855 

3.4501 

24.0971 

8.7471 

40.3760 

6.7723 

30.4576 

3.6696 

26.4243 

9.3366 

45.3406 

7.4230 

35.4222 

4.1646 

28.2343 

9.6977 

49.8915 

7.9041 

39.9731 

4.6055 

30.2512 

10.1886 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

34.9573 

11.1305 

30.0211 

6.9762 

25.9930 

4.6137 

39.9219 

12.0832 

34.9857 

7.7096 

27.8547 

4.8908 

45.1968 

13.0247 

40.0021 

8.4401 

29.9750 

5.1243 

50.2132 

13.9073 

44.8633 

9.2038 

34.8363 

5.7455 

60.3493 

15.4782 

49.7245 

9.7904 

40.6283 

6.4247 

70.0200 

16.8513 

60.0158 

11.1323 

44.8690 

6.8672 

80.1562 

18.1597 

71.1862 

12.3835 

50.2990 

7.5105 

90.0337 

19.3278 

79.6675 

13.2321 

60.9006 

8.5897 

99.8079 

20.4549 

90.4242 

14.3423 

69.4853 

9.3399 

109.9957 

21 .6402 

99.4743 

15.1677 

80.3455 

10.2874 

119.4079 

22.5477 

110.5413 

16.2070 

89.1370 

11.0613 

149.9197 

25.3931 

119.6949 

16.9509 

99.4283 

1 1 .8466 

202.4622 

29.5589 

150.1033 

19.3954 

110.6505 

12.6889 

249.4711 

32.7226 

203.2146 

22.8942 

119.4420 

13.3159 

299.3243 

35.6667 

249.8615 

25.6232 

150.1607 

15.3389 

349.9533 

38.2861 

299.9217 

28.2356 

200.7897 

18.2486 

399.2895 

40.6782 

349.8784 

30.5939 

249.9189 

20.6964 

451.2113 

42.8124 

400.0936 

32.7246 

299.6171 

22.9157 

499.5131 

44.7943 

451.7052 

34.7407 

350.6081 

24.8433 

549.2112 

46.4434 

500.2139 

36.4698 

400.5130 

26.6381 

599.4782 

48.1928 

551.1531 

38.1331 

450.1594 

28.3330 

649.3315 

49.6118 

601.1098 

39.6835 

500.1678 

29.9520 

700.0639 

51.1055 

651.0665 

41.1825 

551.1588 

31.3310 

751.2617 

52.4537 

700.7646 

42.5114 

600.6501 

32.7197 

SF6  / BPL  / 65"C 

751.3419 

43.8063 

650.6585 

34.0797 

1.0529 

0.4394 

SF6  / BPL  / 80"C 

701.2875 

35.1974 

2.0003 

0.7878 

0.6201 

0.1617 

750.0547 

36.4241 

2.9990 

1.1304 

1.1139 

0.2929 

SFs  / BPL  / 95“C 

4.0022 

1.4495 

2.0257 

0.5288 

0.5430 

0.0887 

4.9910 

1.7437 

3.0124 

0.7726 

0.9826 

0.1678 

6.2322 

2.0963 

4.0472 

0.9978 

1 .3260 

0.2289 

6.9562 

2.3009 

4.9967 

1.2116 

2.0210 

0.3527 

7.9388 

2.5584 

6.2379 

1.4616 

3.0176 

0.5197 

9.3868 

2.9115 

6.9619 

1.6132 

3.9924 

0.6816 

10.2659 

3.1477 

8.4099 

1.8820 

5.0293 

0.8434 

11.1451 

3.3467 

9.4442 

2.0644 

6.3734 

1.0311 

12.3345 

3.5908 

10.5819 

2.2683 

7.1491 

1.1476 

13.2137 

3.8271 

10.9956 

2.3402 

8.0800 

1.2787 

14.0929 

3.9935 

12.3919 

2.5689 

9.3728 

1 .4647 

16.0580 

4.4386 

13.1677 

2.7021 

10.6657 

1.6316 

18.4886 

4.9420 

14.0468 

2.8616 

11.0794 

1 .6930 

20.0918 

5.2242 

16.1671 

3.1880 

12.1654 

1.8532 

21.9535 

5.5408 

18.5460 

3.5637 

13.7169 

2.0378 

24.0738 

5.9896 

20.2009 

3.7780 

14.1823 

2.1057 

26.0907 

6.3054 

22.4247 

4.1358 

16.4061 

2.3888 

28.2628 

6.6902 

24.1830 

4.3718 

18.1127 

2.5686 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

19.8710 

2.7887 

N2  / F300  / 

-93"C 

650.1522 

65.1962 

22.0430 

3.0316 

0.3775 

0.4938 

700.0054 

66.8590 

23.9565 

3.2276 

0.7385 

0.9681 

750.1173 

68.4105 

25.8182 

3.4462 

1.1145 

1 .4046 

N2  / F300  / 

-62“C 

27.8868 

3.6616 

1.9890 

2.3305 

0.4804 

0.0916 

30.1623 

3.8739 

3.0233 

3.2563 

0.8409 

0.1633 

35.4372 

4.3940 

3.9790 

4.0366 

1.1341 

0.2206 

39.6778 

4.8184 

5.0076 

4.7886 

2.0127 

0.3999 

44.6942 

5.2726 

6.3522 

5.6490 

3.0310 

0.6042 

49.6071 

5.6849 

7.0244 

6.0924 

4.0079 

0.7937 

60.0018 

6.5363 

8.0070 

6.6896 

4.9983 

0.9803 

70.2414 

7.3731 

9.0413 

7.2603 

6.4463 

1 .2408 

79.7569 

8.0178 

10.0756 

7.8205 

7.2220 

1.3896 

89.1691 

8.7075 

11.1616 

8.3699 

8.2046 

1.5546 

99.4086 

9.3750 

12.0925 

8.8370 

9.5492 

1 .7782 

109.4414 

9.9778 

13.2820 

9.3907 

10.0146 

1.8580 

119.1121 

10.6273 

13.9543 

9.6775 

1 1 .0489 

2.0233 

150.5031 

12.3946 

16.1780 

10.6556 

12.1866 

2.2097 

199.2703 

14.7940 

18.2466 

11.4836 

13.2727 

2.3752 

250.2613 

16.9317 

20.2635 

12.2391 

14.7207 

2.5940 

301.0454 

18.8575 

22.3321 

12.9680 

15.9618 

2.7756 

351.0021 

20.5926 

23.9353 

13.5235 

18.3924 

3.1385 

401.1657 

22.2163 

26.3659 

14.3226 

20.0990 

3.3790 

451.3809 

23.7029 

27.9690 

14.8151 

22.0125 

3.6462 

501.5962 

25.0782 

29.7790 

15.3739 

23.7708 

3.8921 

551.5012 

26.3752 

35.5711 

17.0054 

26.4083 

4.2504 

599.2341 

27.6139 

39.6049 

18.0620 

28.1666 

4.4650 

650.5871 

28.6770 

45.1384 

19.4242 

30.1317 

4.7063 

701.2161 

29.7996 

50.1548 

20.5664 

34.9930 

5.3173 

749.8799 

30.8053 

59.9806 

22.6338 

40.5265 

5.9670 

70.2719 

24.5817 

44.8705 

6.4565 

80.0977 

26.2628 

49.6800 

6.9681 

89.9753 

27.8331 

60.2299 

8.0569 

100.2149 

29.3531 

70.3143 

9.0248 

110.1959 

30.7292 

79.3644 

9.8320 

120.3837 

32.0365 

90.0694 

10.7595 

149.0856 

35.4232 

99.2230 

11.4897 

201.1626 

40.6156 

110.0831 

12.3324 

249.8264 

44.7029 

120.4261 

13.0803 

299.3176 

48.3034 

150.1105 

15.1179 

349.7915 

51.5296 

201 .2050 

18.2128 

399.9033 

54.3939 

250.1273 

20.8052 

449.3428 

56.9353 

299.8772 

23.1657 

499.9718 

59.3165 

350.0924 

25.3135 

550.2388 

61.4499 

399.9974 

27.2672 

599.9370 

63.3957 

450.0576 

29.0803 
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PRESSURE 

VOL  ADS 

(torn) 

(cc/g  STP) 

500.2211 

30.7633 

550.3329 

32.3302 

600.1862 

33.7928 

650.2463 

35.1726 

700.2030 

36.4423 

750.0045 

37.6384 

N2  / F300  / -43"C 

0.3848 

0.0322 

0.6040 

0.0529 

1.0136 

0.0919 

3.0083 

0.2820 

5.0189 

0.4685 

7.6047 

0.7146 

9.2596 

0.8494 

11.0179 

1.0013 

12.9313 

1.1708 

14.9482 

1.3361 

18.6717 

1 .6258 

21.0506 

1.8051 

25.7049 

2.1627 

29.7904 

2.4667 

45.0981 

3.5416 

55.0791 

4.1827 

64.9566 

4.8066 

74.3688 

5.3668 

84.2463 

5.9264 

90.1418 

6.2520 

99.3988 

6.7509 

109.1212 

7.2642 

115.1202 

7.5735 

120.3434 

7.8280 

150.0278 

9.2562 

201 .2774 

1 1 .4637 

224.4974 

12.3993 

250.1998 

13.3810 

300.3116 

15.1853 

350.4234 

16.8349 

400.0181 

18.3503 

450.0782 

19.7996 

500.5521 

21.1693 

550.0950 

22.4472 

600.2586 

23.6827 

650.2670 

24.8577 

700.2237 

25.9785 

760.3165 

27.2760 

CO  / F300  / 

-93"C 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

0.4996 

1 .4655 

1 .0622 

2.7517 

1.9859 

4.5249 

3.0502 

6.0911 

3.9681 

7.2760 

4.9590 

8.3876 

6.0444 

9.5042 

7.0270 

10.4452 

8.0096 

1 1 .2683 

8.9405 

12.0037 

9.9748 

12.7918 

11.0608 

13.5399 

11.8882 

14.0948 

12.9743 

14.7890 

13.9568 

15.3863 

16.2323 

16.6753 

17.9389 

17.5686 

19.9041 

18.5617 

21 .9727 

19.5734 

24.1447 

20.5296 

25.9030 

21.2845 

28.2302 

22.2090 

30.2471 

22.9950 

34.8497 

24.6238 

39.9695 

26.3005 

45.0376 

27.8451 

50.1056 

29.2522 

59.9315 

31.7559 

70.1193 

34.0979 

80.1003 

36.1724 

90.0813 

38.0700 

100.0106 

39.8110 

110.0433 

41 .4476 

120.0243 

42.9717 

150.5362 

47.1638 

201.2169 

52.9814 

249.4669 

57.5810 

300.1994 

61.7599 

349.7941 

65.2768 

399.2336 

68.4390 

450.1212 

71.3405 

499.8193 

73.8783 

550.1379 

76.1427 

602.8873 

77.5225 

650.0513 

78.9559 

701.0941 

80.4844 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

750.5336 

81.8304 

CO  / F300  / 

-62"C 

0.4722 

0.1854 

0.8786 

0.3567 

1.2391 

0.5023 

1.9921 

0.7982 

3.0253 

1.1788 

3.9888 

1.5148 

4.9957 

1.8488 

6.2373 

2.2209 

7.2716 

2.5301 

7.9439 

2.7395 

9.2368 

3.0964 

9.9608 

3.2906 

1 1 .4606 

3.6744 

12.2363 

3.8949 

13.1154 

4.1106 

13.8912 

4.3156 

16.1149 

4.8474 

18.3904 

5.3643 

19.9418 

5.6869 

22.4241 

6.2045 

24.0790 

6.5377 

25.7856 

6.8918 

28.2679 

7.3583 

29.8711 

7.6604 

34.8357 

8.5367 

40.0590 

9.4196 

45.1787 

10.2197 

50.1434 

10.9671 

60.1761 

12.3649 

70.0537 

13.6389 

80.1381 

14.8371 

90.0674 

15.9522 

100.1001 

17.0111 

110.1328 

18.0228 

120.1655 

18.9739 

149.6430 

21 .5404 

200.9443 

25.3917 

249.6599 

28.5603 

299.6165 

31.4327 

349.9352 

34.0347 

399.8402 

36.3950 

450.1072 

38.5753 

499.8053 

40.5982 

550.1757 

42.4986 

152 


PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

599.9772 

44.2699 

349.7832 

23.2867 

120.0315 

42.9681 

650.0374 

45.9502 

400.0502 

25.1682 

150.9054 

47.5231 

700.0458 

47.5386 

449.9034 

26.9199 

201.3275 

53.7231 

750.0542 

49.0435 

500.1704 

28.5639 

249.2673 

58.6810 

CO  / F300  / -43"C 

549.9720 

30.0984 

299.2240 

63.1384 

0.2741 

0.0418 

600.0838 

31.5501 

349.5944 

67.0663 

0.4660 

0.0745 

650.0405 

32.9220 

399.8097 

70.5577 

0.7323 

0.1199 

699.9454 

34.2389 

449.9732 

73.6985 

0.9635 

0.1583 

750.1090 

35.5030 

499.9817 

76.5405 

1.1527 

0.1901 

CH4  / F300  / -62"C 

549.9901 

79.1429 

2.0262 

0.3435 

0.2389 

0.5423 

600.1019 

81.5318 

3.0331 

0.5161 

0.4525 

1.0705 

650.0069 

83.7333 

4.0017 

0.6778 

0.6769 

1.5733 

700.1187 

85.7915 

4.9993 

0.8407 

0.9159 

2.0641 

750.0754 

87.7077 

6.2922 

1.0472 

1.1682 

2.5290 

CH4  / F300  / -43“C 

7.0679 

1.1632 

1.9931 

3.8860 

0.3175 

0.2799 

7.9988 

1.3043 

3.0036 

5.2837 

0.5983 

0.5361 

9.3433 

1.5011 

3.9696 

6.4802 

0.8709 

0.7736 

10.0674 

1.6071 

5.0174 

7.6007 

1.1300 

0.9886 

10.9982 

1.7433 

6.0000 

8.5494 

2.0107 

1.6731 

12.3428 

1.9303 

6.9826 

9.4014 

3.0321 

2.3839 

13.0668 

2.0312 

8.0169 

10.2633 

3.9660 

2.9813 

14.0494 

2.1529 

9.1546 

11.1301 

4.9879 

3.5871 

16.0663 

2.4309 

9.9303 

1 1 .7282 

6.2291 

4.2596 

18.6520 

2.7701 

10.9646 

12.4374 

7.1082 

4.7152 

20.0484 

2.9423 

11.9989 

13.1212 

8.0908 

5.2081 

21.9101 

3.1755 

12.9815 

13.7545 

9.1768 

5.7122 

24.5476 

3.5099 

14.0675 

14.3822 

10.2111 

6.1690 

26.1507 

3.6882 

16.0327 

15.5263 

1 1 .2454 

6.6100 

27.9090 

3.9010 

18.0496 

16.5992 

11.9177 

6.8917 

29.7191 

4.1096 

19.9630 

17.5655 

13.2106 

7.4234 

34.8906 

4.6846 

22.0833 

18.5718 

13.9863 

7.7060 

40.2689 

5.2449 

24.1002 

19.4716 

15.8998 

8.4353 

45.3887 

5.7707 

26.0137 

20.3058 

18.3304 

9.2677 

49.7845 

6.2050 

28.1340 

21.1903 

20.3990 

9.9617 

60.4378 

7.1886 

30.1509 

21.9889 

21.9504 

10.4377 

70.0568 

8.0307 

34.7018 

23.6608 

24.2776 

11.1754 

80.1412 

8.8653 

40.2870 

25.5382 

25.9842 

1 1 .6578 

90.0705 

9.6500 

45.0448 

27.0314 

27.7425 

12.1718 

100.1032 

10.4098 

50.1646 

28.5241 

30.2765 

12.8535 

109.1016 

11.0534 

59.9387 

31.0978 

34.7758 

14.0192 

120.1686 

11.8207 

70.0231 

33.5031 

40.2575 

15.3224 

150.2150 

13.7389 

80.0559 

35.6848 

45.0153 

16.4067 

200.7923 

16.5775 

89.9851 

37.6947 

50.1868 

17.4987 

249.7664 

19.0153 

100.1213 

39.5906 

59.8058 

19.3798 

299.8782 

21.2488 

110.1023 

41 .3292 

70.2005 

21 .2252 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

79.9747 

22.8199 

34.8906 

5.9512 

25.8715 

12.2363 

90.0591 

24.3595 

40.3723 

6.6570 

28.1986 

12.8869 

100.1435 

25.7895 

44.6130 

7.1818 

29.9569 

13.3151 

110.0728 

27.1297 

50.4051 

7.8767 

35.1802 

14.6298 

120.1572 

28.4031 

60.3343 

8.9799 

40.6102 

15.8762 

149.4279 

31.7516 

70.2636 

10.0152 

44.7474 

16.7265 

200.9878 

36.7905 

80.2446 

11.0095 

50.1258 

17.8411 

249.8067 

40.8545 

89.2430 

11.8372 

60.4171 

19.6312 

299.5048 

44.4863 

99.9997 

12.7912 

69.9844 

21 .2265 

349.6684 

47.7718 

109.1533 

13.5742 

80.3791 

22.8415 

399.9354 

50.7500 

119.1343 

14.3751 

89.2223 

24.0227 

449.9438 

53.4602 

149.8530 

16.6694 

100.0308 

25.4699 

499.9522 

55.9668 

200.9474 

20.0025 

109.3912 

26.5641 

550.0640 

58.2914 

249.9215 

22.8119 

120.1996 

27.8442 

600.1758 

60.4491 

299.9817 

25.3792 

149.9875 

30.8906 

649.9774 

62.4635 

349.8349 

27.7190 

199.9959 

35.2502 

700.0375 

64.3754 

400.2053 

29.8755 

250.0043 

38.9011 

750.2010 

66.1720 

449.8517 

31.8782 

300.4264 

42.2119 

CH4/F300/-16”C 

500.2221 

33.7626 

350.7451 

45.0084 

0.2586 

0.0531 

550.0754 

35.5137 

399.2538 

47.4435 

0.4406 

0.0943 

600.1355 

37.1734 

450.4516 

49.6777 

0.5983 

0.1304 

650.0405 

38.7473 

499.9946 

51.7770 

0.7768 

0.1708 

700.1006 

40.2447 

550.7270 

53.7269 

0.9407 

0.2077 

750.0573 

41 .6726 

600.2183 

55.4076 

1 .0876 

0.2408 

C2H6  / F300  / 40“C 

650.4852 

57.0483 

2.0076 

0.4650 

0.4153 

0.5149 

700.3385 

58.5540 

3.0781 

0.7107 

0.8409 

0.9965 

749.7780 

59.9872 

3.9800 

0.9111 

1 .2882 

1.4323 

C2H6  / F300  / 55“C 

4.9993 

1.1306 

1.9952 

2.0931 

0.3879 

0.2223 

6.2922 

1.4012 

3.1117 

2.9585 

0.6847 

0.4236 

7.1713 

1 .5662 

4.0064 

3.5986 

0.9722 

0.6170 

8.3090 

1 .7926 

5.0303 

4.2451 

1 .2494 

0.7856 

9.4468 

2.0034 

6.0646 

4.8392 

2.0003 

1 .2252 

10.4811 

2.2126 

7.0989 

5.3809 

3.0227 

1.7572 

10.8948 

2.2869 

8.0815 

5.9058 

3.9805 

2.2329 

1 1 .9291 

2.4647 

9.1675 

6.4384 

5.0732 

2.7033 

12.9117 

2.6470 

10.2535 

6.8978 

6.1075 

3.1604 

13.9460 

2.8196 

11.1844 

7.2961 

6.9867 

3.4743 

16.2214 

3.1993 

12.2187 

7.7595 

8.1761 

3.9462 

17.9280 

3.4815 

13.0461 

8.0560 

9.0553 

4.2241 

20.0484 

3.8168 

13.8736 

8.3838 

10.2447 

4.6449 

22.7892 

4.2402 

15.9422 

9.1329 

11.0205 

4.8940 

24.3924 

4.4897 

18.3728 

9.9481 

11.9513 

5.1684 

26.1507 

4.7463 

19.9242 

10.4393 

13.1408 

5.5532 

27.8056 

4.9804 

22.3548 

11.2389 

14.0717 

5.8173 

29.7708 

5.2509 

24.0614 

11.7285 

16.0368 

6.3691 
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PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

(torr) 

(cc/g  STP) 

18.3640 

7.0036 

13.2540 

3.7931 

11.0825 

1 .6628 

20.0189 

7.4024 

13.9263 

3.9769 

12.0651 

1 .7767 

22.3461 

8.0011 

16.0984 

4.3898 

13.6166 

1.9709 

24.1044 

8.3773 

18.0635 

4.8370 

14.1337 

2.0287 

25.9144 

8.7601 

19.9770 

5.1844 

16.4092 

2.3130 

28.0864 

9.2771 

22.3042 

5.6404 

18.1675 

2.5082 

30.0516 

9.6441 

23.9590 

5.9619 

19.8224 

2.7368 

35.2748 

10.7147 

25.9759 

6.2873 

22.0978 

2.9740 

39.7223 

11.4898 

28.2514 

6.7174 

23.9596 

3.1515 

45.2041 

12.4757 

30.1648 

6.9910 

26.5970 

3.4521 

49.7033 

13.1754 

34.9743 

7.7889 

28.2519 

3.6078 

59.8394 

14.8143 

41.0767 

8.6879 

29.7516 

3.8109 

71.2167 

16.3420 

45.0070 

9.1985 

35.3886 

4.3396 

79.5428 

17.3418 

49.8165 

9.7756 

40.5601 

4.7968 

90.2478 

18.6595 

60.0044 

11.1533 

46.0936 

5.3327 

99.5565 

19.6427 

69.8302 

12.1446 

50.2825 

5.6392 

110.4684 

20.8281 

80.0698 

13.2493 

60.3669 

6.4618 

119.3117 

21.6887 

90.9300 

14.2860 

70.9168 

7.2981 

149.7718 

24.4126 

99.5147 

15.0506 

79.7083 

7.9184 

201.2800 

28.3418 

110.8920 

16.0606 

90.7236 

8.7645 

249.6852 

31.5070 

119.7869 

16.7731 

100.6012 

9.3345 

301.0382 

34.5088 

149.6265 

19.0430 

111.3062 

10.0291 

350.3743 

36.9932 

201.8069 

22.4185 

119.9426 

10.5505 

400.5896 

39.3397 

250.5742 

25.1369 

150.2993 

12.2108 

450.3394 

41.4360 

300.7894 

27.6350 

200.3594 

14.6370 

500.9684 

43.4149 

350.9013 

29.8674 

250.9884 

16.8142 

550.0977 

45.1949 

401.0648 

31.9174 

301.3071 

18.7311 

600.1060 

46.8933 

451.1249 

33.7894 

351.1086 

20.4907 

650.2696 

48.4475 

501.2885 

35.5548 

401.4791 

22.1007 

700.8986 

49.9643 

551.2969 

37.1643 

451.4875 

23.5862 

750.0795 

51.3768 

601.3570 

38.6675 

500.9787 

25.0333 

C2H6  / F300  / 70"C 

651.4689 

40.0934 

550.9871 

26.3080 

0.3879 

0.1527 

701.6324 

41.4170 

601.9781 

27.5497 

0.7323 

0.2917 

751.6408 

42.6828 

651.7280 

28.7272 

1.0281 

0.4074 

C2H6/F300/100"C 

701.4778 

29.8420 

2.0345 

0.7703 

0.5492 

0.0889 

751 .8482 

30.9192 

3.0238 

1.1134 

1.0090 

0.1623 

SF6  / F300 

/50"C 

4.0286 

1 .4340 

2.0153 

0.3317 

0.6056 

0.4760 

5.0314 

1 .7445 

3.0403 

0.4996 

1.2117 

0.8876 

6.2725 

2.1098 

4.0162 

0.6499 

1.9993 

1.3677 

6.9965 

2.3049 

5.0319 

0.8075 

3.0315 

1.9211 

7.9791 

2.5555 

6.3765 

1.0058 

3.9903 

2.3668 

9.1686 

2.8900 

7.4108 

1.1578 

4.9972 

2.8008 

10.2029 

3.1222 

8.9105 

1 .3660 

6.1867 

3.2845 

11.0303 

3.3002 

9.3759 

1.4326 

6.9624 

3.5703 

12.2715 

3.5867 

10.4619 

1.6019 

8.3587 

4.0546 
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PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

9.0310 

4.2805 

10.1687 

4.6282 

11.0996 

4.9390 

12.0305 

5.2188 

12.9613 

5.4675 

14.3059 

5.8829 

16.3745 

6.4277 

18.1845 

6.8460 

20.3566 

7.3834 

22.0115 

7.7508 

23.9249 

8.1358 

26.3038 

8.6838 

28.1138 

9.0245 

29.8204 

9.3677 

34.9919 

10.2477 

39.9048 

11.1310 

45.5418 

12.0503 

49.9376 

12.6609 

59.4531 

13.9740 

70.7787 

15.3235 

80.3460 

16.4680 

89.7581 

17.4060 

100.4114 

18.5246 

109.7718 

19.3379 

119.5459 

20.2084 

150.5750 

22.6256 

200.5833 

25.9391 

249.9712 

28.6809 

300.6002 

31.0992 

350.7120 

33.1903 

399.2207 

34.9696 

450.2117 

36.7722 

501.3061 

38.2724 

549.2976 

39.5774 

601.0643 

40.9371 

649.6247 

42.0462 

699.1677 

43.1930 

750.0035 

44.1545 

SF6  / F300  / 65"C 

0.5316 

0.2281 

0.9738 

0.4213 

1.4491 

0.6093 

2.0071 

0.8334 

3.0895 

1 .2240 

4.0027 

1.5088 

4.9941 

1.8088 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

6.2870 

2.1654 

6.9593 

2.3543 

8.3556 

2.7288 

9.2347 

2.9239 

10.3208 

3.1849 

11.1482 

3.3586 

12.0274 

3.5488 

13.3202 

3.8159 

14.1477 

4.0194 

16.3197 

4.4221 

18.3366 

4.8004 

19.9398 

5.0917 

22.3704 

5.5417 

24.0770 

5.8212 

25.9904 

6.1068 

28.4727 

6.4988 

30.0759 

6.7456 

35.2991 

7.4730 

40.4189 

8.1523 

44.7112 

8.6878 

50.2965 

9.3661 

60.4843 

10.4798 

70.1550 

11.4489 

80.0843 

12.4413 

89.8067 

13.2282 

99.1671 

14.0141 

110.6479 

14.9378 

119.9566 

15.5485 

149.8478 

17.5197 

202.6488 

20.4522 

250.6921 

22.7285 

300.8556 

24.8500 

349.1574 

26.6103 

401.1310 

28.3216 

451.0360 

29.8422 

499.4930 

31.1804 

549.6048 

32.4292 

599.4581 

33.6054 

649.6216 

34.7018 

699.2680 

35.7972 

750.3624 

36.7128 

SF6  / F300  / 80“C 

0.5828 

0.1415 

1 .0436 

0.2695 

2.1151 

0.5506 

2.9964 

0.7671 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

4.0012 

0.9972 

5.0169 

1 .2240 

6.3097 

1 .4954 

7.1372 

1.6538 

8.2749 

1.8710 

9.2058 

2.0423 

10.1884 

2.2252 

1 1 .6364 

2.4613 

12.1535 

2.5361 

12.9810 

2.6647 

14.3773 

2.8894 

16.4459 

3.2182 

18.0491 

3.4340 

20.5831 

3.7914 

22.2897 

4.0201 

23.8928 

4.2658 

25.9614 

4.5051 

28.4438 

4.8213 

30.0986 

5.0187 

35.1667 

5.5992 

40.4934 

6.2270 

44.9926 

6.6668 

49.6469 

7.1504 

60.8174 

8.1818 

70.3846 

9.0571 

79.9519 

9.7691 

90.7086 

10.6350 

100.0690 

1 1 .2467 

109.2743 

1 1 .9225 

119.6173 

12.5520 

150.1809 

14.3190 

201 .3270 

16.8937 

249.7323 

19.0358 

300.2578 

21.0209 

349.5939 

22.8865 

400.0677 

24.3568 

450.3864 

25.8936 

501.6360 

27.2491 

551.2307 

28.5067 

599.3774 

29.6624 

650.1615 

30.6717 

700.6353 

31.8454 

750.6954 

32.7439 

SF6 / F300 

/95"C 

0.5285 

0.0941 

0.9697 

0.1712 
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PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

1.3125 

0.2308 

1.9900 

0.3488 

3.0264 

0.5182 

3.9971 

0.6754 

5.0396 

0.8304 

6.3842 

1.0192 

7.2117 

1.1479 

8.5562 

1.3120 

8.9700 

1.3738 

10.0043 

1 .5235 

1 1 .4006 

1 .6941 

12.7452 

1 .8582 

13.2106 

1.9167 

14.2449 

2.0172 

16.2618 

2.2658 

18.0201 

2.4524 

20.5541 

2.7511 

22.2607 

2.9113 

23.8639 

3.0881 

25.8291 

3.3055 

28.1045 

3.5027 

29.8628 

3.6742 

35.3446 

4.1806 

PRESSURE 

VOL  ADS 

(torr) 

(cc/g  STP) 

40.9816 

4.7118 

45.2739 

5.0343 

49.6180 

5.3978 

60.4781 

6.2064 

70.7177 

6.9409 

79.8195 

7.5177 

89.1799 

8.1713 

99.8849 

8.7376 

109.3488 

9.2860 

119.1746 

9.8955 

150.8242 

1 1 .4628 

199.7983 

13.5939 

250.5824 

15.4152 

301.1597 

17.0918 

351.0130 

18.6381 

401.1248 

20.1050 

449.9955 

21.3061 

501.7105 

22.4160 

551.6155 

23.5007 

601.6756 

24.5359 

649.4085 

25.5546 

700.8132 

26.3792 

749.2702 

27.3602 

APPENDIX  B 

FITTING  ROUTINE  AND  INPUT  FORMAT 

The  Fortran  code  for  the  MEA  fitting  program  is  followed  by  a t5T)ical  data 
input  file  with  a brief  explanation  of  the  parameters.  The  program  reads  an 
input  file  with  experimental  adsorption  data,  estimated  parameter  values, 
and  fitting  instructions.  On  termination  the  program  outputs  a file  that 
includes  the  experimental  and  calculated  data  points  with  relative  errors,  the 
best  fit  parameters  and  associated  errors,  InKi  versus  T-i  regression  results, 
and  surface  areas  and  pore  volumes.  A new  input  file  with  the  best-fit 
parameters  is  output  to  allow  another  fit  of  the  data  to  be  run.  The  number 
of  read-output  cycles  is  controlled  by  the  user. 

The  original  program  was  written  by  Dr.  N.  Wong.  Modifications  to  the 
original  code  were  made  by  Ben  Gordon,  Edwin  Webster,  and  myself  for 
fitting  the  gas  adsorption  data.  The  fortran  code  as  it  appears  here  is  the 
work  of  Edwin  Webster. 
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The  MEA  Fitting  Routine  Fortran  Code 

c 
c 
c 
c 
c 
c 
c 
c 

implicit  none 

integer  MAXNTEMP,MAXNPOINT,MAXNSITE 
parameter  (MAXNTEMP=5) 
parameter  (MAXNSITE=5) 
parameter  (MAXNPOINT=200) 

CHARACTER*60  INFILE,  OUTFILE,  NEWINFILE 

double  precision  B(MAXNTEMP,MAXNPOINT),H(MAXNTEMP,MAXNPOINT) 
double  precision  P(MAXNTEMP*2*MAXNSITE) 
double  precision  Dup(MAXNTEMP*2*MAXNSITE) 
double  precision  Ddown(MAXNTEMP*2*MAXNSITE) 

double  precision  DIF(MAXNTEMP,MAXNPOINT),HH(MAXNTEMP,MAXNPOINT) 

double  precision  SD(MAXNTEMP,MAXNSITE,2),br 

double  precision  avge(MAXNTEMP),ge(MAXNTEMP),ep,devn,b1  ,hcal 

double  precision  per,tot_sq,  square(maxntemp) 

double  precision  CAL,  n_tot,  n_sd 

double  precision  temp(MAXNTEMP) 

double  precision  sx(MAXNTEMP),sx2(MAXNTEMP) 

double  precision  sxy(MAXNTEMP),sy(MAXNTEMP) 

double  precision  slope(MAXNTEMP),yinter(MAXNTEMP) 

double  precision  rbx(MAXNTEMP),rby(MAXNTEMP) 

double  precision  rt(MAXNTEMP),r(MAXNTEMP) 

double  precision  AREA,  MVL 

double  precision  wgt(MAXNTEMP,MAXNSITE),t_wgt(MAXNSITE) 

double  precision  sd_y(MAXNTEMP),dy(MAXNTEMP,MAXNSITE),D 

double  precision  sd_m(MAXNTEMP),sd_b(MAXNTEMP) 

integer  i,is,k,nt,n(MAXNTEMP),ne(MAXNTEMP),ns(MAXNTEMP),ip,KX 

integer  total_ns,fixedn,l1  ,l2,UPORDWN 

integer  total_np,maxns,tot_n 

integer  count,  m,  calc_dim,  weight 

WRITE  (6,10) 

10  FORMAT  (5X,'Name  of  Data  File?  ’) 

READ  (5,'(A)')  INFILE 

WRITE  (6,20) 

20  FORMAT  (/5X,'Name  of  Output  File?  ’) 

READ  (5,’(A)')  OUTFILE 

WRITE  (6,30) 

30  FORMAT  (/5X,’Name  of  New  Input  File?  ') 

READ  (5,'(A)’)  newinfile 


--  Title  : MEA  Fitting  Routine  (Fortran  Code) 

--  Description  : This  program  implements  NELDER  and  MEAD'S 
Modified  Simplex  Method.  It  is  set  up 
to  constrain  the  simplex  to  positive  space 
by  not  allowing  any  of  the  parameters  to 
become  less  than  0. 
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OPEN  (8,FILE=INFILE,STATUS='OLD') 

call  getline(8) 

READ  (8  *)  EP,  KX,  fixedn 

print  *,'Read  in  EP(convergence),  KX(loops),  Fixedn(0,1)' 
print  *,  EP,  KX,  FIXEDN 
call  getline(8) 

READ  (8,*)  UPORDWN,  count,  calc_dim,  weight 
print  *,'Read  in  Upordown(0,1 ,2,3,4,5,10,15)  Count(External  Loops)' 
print  *,  UPORDWN,  COUNT 

print  *,'Read  in  Calc  Dimensions?(0,1),  Weighted  Regression?(0,1)' 
print  *,  calc_dim,  weight 
IF  (calc_dim.eq.1)  then 
call  getline(8) 

READ  (8,*)  AREA,  MVL 

print  *,'Read  in  AREA/Molecule  (A'^2),  Molar  Vol  (ml_/mole)' 
print  *,  AREA,  MVL 
endif 

call  getline(8) 

READ  (8,*)  nt 

print  *,'Read  in  NT(number  of  temperature  sets)' 
print  *,  NT 

if  (nt.gt.MAXNTEMP)  then 
print  100,nt,MAXNTEMP 
stop 

100  format(5X,'Sorry.  You  asked  for  ',13, 

* ' temperature  sets.  The  maximum  number  is  ',13) 

endif 


ip  = 1 


maxns  = 0 

tot_n  = 0 

do  1000  k=1,nt 
AVGE(k)  = 0.00 

call  getline(8) 

READ  (8,*)  NE(k),GE(k) 
print  *,  'This  is  NE(k)[number  of  data  points]', 

* ' GE(k)[grams  of  solid]' 
print  *,  NE(k),  GE(k) 

if  (ne(k).gt.MAXNPOINT)  then 
print  120,NE(k),MAXNPOINT 
stop 

120  fomriat(5X, 'Sorry.  You  asked  for  ',13, 

* ' data  points.  The  maximum  number  is  ',13) 
endif 

N(k)  = NE(k) 
tot_n  = tot_n  + n(k) 


DO  150  1=1, N(k) 
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call  getline(8) 

READ  (8  *)  B(k,l),H(k,l) 
print  *,  B(k,l),H(k,l) 

150  CONTINUE 

call  getline(8) 

READ  (8,*)  ns(k),  temp(k) 
print  160,ns(k),k,temp(k) 
if  (ns(k).gt.MAXNSITE)  then 
print  170,ns(k),MAXNSITE 
stop 

160  formatCNumber  of  Sites  [NS(k)];',l2,5X,Temp',l2,':',F7.2) 
170  fonnat(5X, 'Sorry.  You  asked  for  ',13, 

* ' sites.  The  maximum  number  is  ',13) 

endif 

if  (ns(k).gt.maxns)  maxns  = ns(k) 

do  180  i=1,2*ns(k) 
call  getline(8) 

if  (UPORDWN.LT.O)  then 
UPORDWN=0 
endif 

if  (UPORDWN.EQ.O)  then 

READ  (8,*)  P(ip),ddown(ip),dup(ip) 
print  *,  P(ip),  ddown(ip),  dup(ip) 
endif 

if  (UPORDWN.EQ.1 5)  then 
READ  (8,*)  P(ip) 
ddown(ip)=1e-15*P(ip) 
dup(ip)=1e-15*P(ip) 
print  *,  P(ip),  ddown(ip),  dup(ip) 
endif 

if  (UPORDWN.EQ.1 0)  then 
READ  (8,*)  P(ip) 
ddown(ip)=1  e-1 0*P(ip) 
dup(ip)=1e-10*P(ip) 
print  *,  P(ip),  ddown(ip),  dup(ip) 
endif 

if  (UPORDWN.EQ.5)  then 
READ  (8,*)  P(ip) 
ddown(ip)=1  e-5*P(ip) 
dup(ip)=1e-5*P(ip) 
print  *,  P(ip),  ddown(ip),  dup(ip) 
endif 

if  (UPORDWN.EQ.4)  then 
READ  (8,*)  P(ip) 
ddown(ip)=1  e-4*P(ip) 
dup(ip)=1e-4*P(ip) 
print  *,  P(ip),  ddown(ip),  dup(ip) 
endif 

if  (UPORDWN.EQ.3)  then 
READ  (8,*)  P(ip) 
ddown(ip)=1  e-3*P(ip) 
dup(ip)=1e-3*P(ip) 
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print  *,  P(ip),  ddown(ip),  dup(ip) 
endif 

if  (UPORDWN.EQ.2)  then 
READ  (8,*)  P(ip) 
ddown(ip)=.01*P(ip) 
dup(ip)=.01*P(ip) 
print  *,  P(ip),  ddown(ip),  dup(ip) 
endif 

if  (UPORDWN.EQ.I)then 
READ  (8,*)  P(ip) 
ddown(ip)=.1*P(ip) 
dup(ip)=.1*P(ip) 
print  *,  P(ip),  ddown(ip),  dup(ip) 
endif 

ip  = ip  + 1 
180  continue 

DO  190  1=1, N(k) 

AVGE(k)  = AVGE(k)  + H(k,l)  / NE(k) 
190  CONTINUE 

IF  (AVGE(k).EQ.O)  AVGE(k)  = 1.00 

DO  200  1=1, N(k) 

HH(k,l)  = H(k,l)/GE(k) 

200  CONTINUE 

DO  210  l=1,MAXNSITE 
SD(k,l,1)=0.0 
SD(k,l,2)=0.0 
210  CONTINUE 

1000  continue 

CLOSE(8) 

total_np  = ip  - 1 
total_ns  = total_np  / 2 

if  (fixedn.ne.O)  then 

do  500  i = 2*maxns  + 1 , total_np-1 ,2 
ddown(i)  = 0.0 
dup(i)  = 0.0 

500  continue 
endif 

do  5000  m = 0,  count-1 
do  1020  k=1,nt 

DO  1010  l=1,MAXNSITE 
SD(k,l,1)=0.0 
SD(k,l,2)=0.0 
1010  CONTINUE 
1020  continue 


tot_sq  = 0.0 
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WRITE  (6,1050) 

1050  FORMAT(//5X, WORKING') 

CALLSIMPLEX(nt,EP,total_np,N,KX,P,Ddown,dup,HH,B,NS,fixedn, 
‘count, m,br) 

WRITE  (6,1060) 

1060  FORMAT  (/5X,'Fitting  Routinue  Completed') 

OPEN  (7,FILE=OUTFILE) 

OPEN  (10,FILE=newinfile) 

OPEN  (9,FILE='Best.BR') 
print  1070,  OUTFILE,NEWINFILE 
write  (7,1080)  br 
write  (9,1090)  count-m,  br 
write  (10,1100) 

1070  FORMAT  (/,'Writing  ',1A12,',  '1A12',  and  Best.BR') 

1080  FORMAT  ('BR  = ',e25.17) 

1090  FORMAT  ('The  Best  Residual  for  count',i3,'  is',e25.17,' .') 

1100  FORMAT  C#',1X,'ep(convergence)',1X,'kx(loops)',1X,'Fixedn(0/1)') 
if  (UPORDWN.GT.2)  then 
UPORDWN  = 5 
write  (10,1110)  EP,  KX,  fixedn 
write  (10,1 120) 

write  (10,1130)  UPORDWN,  count,  calc_dim,  weight 
if  (calc_dim.eq.1)  then 
write  (10,1140) 
write  (10,1150)  AREA,  MVL 
endif 
else 

write  (10,1110)  EP,  KX,  fixedn 
write  (10,1120) 

write  (10,1130)  UPORDWN,  count,  calc_dim,  weight 
if  (calc_dim.eq.1)  then 
write  (10,1140) 
write  (10,1150)  AREA,  MVL 
endif 
endif 

1110  FORMAT  (E16.4,3X,I10,3X,I1) 

1120  FORMAT  ('#',1X,'Upordown(0,1 ,2,3,4,5,10,15)',1X, 
*'Count(ext_loops)  Calc_Dim(0,1)  Weight(0,1)') 

1130  FORMAT  (I2,3X,I2,3X,I2,3X,I2) 

1140  FORMAT  ('#','  AREA(A''2),  MVL(mL/mole)') 

1150  FORMAT  (F7.3,3X,F7.3) 

write  (7,1160)  count-m 
write  (10,1170) 
write  (10,1180)  nt 
1160  format(1X,'Count_is:  ',12) 

1170  fomriat  ('#_number_of_temperature_sets') 

11 80  format  (13) 


ip=  1 


do  2010k=1,nt 
DEVN=0.00 
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square(k)  = 0.0 
DO  1190  l=1,N(k) 

DIF(k,l)  = H(k,l)  - Ge(k)  * CAL(k,l,ip,P.B,NS,fixedn) 
square(k)  = square(k)  + dif(k,l)**2 
1190  CONTINUE 

DO  2000  1=1, N(k) 

DEVN=DIF(k,l)**2 

DO  2000  IS=0,NS(k)-1 
if  (fixedn.eq.O)  then 
LI  = ip  + 2*is 
else 

LI  = 2*is  + 1 
end  if 

L2  = ip  + 2*is  + 1 
B1  = P(L2)*B(k,l) 

if  (fixedn.eq.O)  then 

SD(k,is+1 ,1)=SD(k,is+1 ,1)+(((1 .0+B1)/B1)**2)*DEVN 
else 

SD(1  ,is+1 ,1)=SD(1  ,is+1 ,1)+(((1 .0+B1)/B1)**2)*DEVN 
endif 

SD(k,is+1 ,2)=SD(k,is+1 ,2)+(dif(k,l)/(B(k,l)* 

* (P(L1)-dif(k,l))))**2 

2000  CONTINUE 

ip  = ip  + 2*ns(k) 

2010  continue 

ip=  1 

do  2030  k=1,nt 

DO  2020  IS=0,NS(k)-1 

if  (fixedn.eq.O)  then 
LI  = ip  + 2*is 
else 

LI  = 2*is  + 1 
endif 

L2  = ip  + 2*is  + 1 
if  (fixedn.eq.O)  then 

SD(k,is+1,1)  = SQRT(SD(k,is+1,1)/N(k)) 

IF  ((ddown(l1).eq.0.0).and.(dup(l1).eq.0.0))  then 
SD(k,is+1,1)=-1.00 
endif 
endif 

SD(k,is+1,2)  = SQRT(SD(k,is+1,2)/N(k)) 

IF  ((ddown(l2).eq.0.0).and.(dup(l2).eq.0.0))  then 
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SD(k,is+1,2)=-1.00 

endif 

2020  CONTINUE 
ip  = ip  + 2*ns(k) 


2030  continue 

if  (fixedn.ne.O)  then 

DO  2040  IS=0,maxns-1 
L1  = 2*is  + 1 

SD(1,is+1,1)  = SQRT(SD(1,is+1,1)/tot_n) 

IF  ((ddown(l1).eq.0.0).and.(dup(l1).eq.0.0))  then 
SD(1,is+1,1)=-1.00 
ENDIF 

2040  CONTINUE 
endif 


ip=  1 


do  2260  k=1,nt 
write  (10,2050) 
write  (10,2060)  ne(k),  ge(k) 
write  (7,2070)  k,  temp(k) 
write  (10,2080)  k,  temp(k) 

IF  (NE(k).GT.O)  WRITE  (7,2090) 
write  (10,2100) 

2050  FORMAT  ('#_No._of  Data_Points,  No._of  grams_  of_solid') 

2060  FORMAT  (I4,2X,F5.3) 

2070  FORMAT  ('Data_fortemp_set  ’,l3,5X,Temp(K):  ’,f7.2) 

2080  FORMAT  ('#_Data_fortemp_set  ',l3,5X,Temp(K):  ’,f7.2) 

2090  FORMAT  (/3X,'#',6X,'Eq_conc’,7X,'Exp_Ads',9X,'Calc_Ads',12X, 

* 'Err',15X,'Per') 

2100  FORMAT  ('#',3X,'Eq_conc',6X,'Exp_Ads’,8X,’Calc_Ads',10X, 

* ■ErrM7X,'Per') 

DO  2150  1=1, N(k) 

HCAL=GE(k)  * CAL(k,l,ip,P,B,NS,fixedn) 

PER  = DABS(100.0*DIF(k,l)/HH(k,l)) 
if  (B(k,l).lt.1e-9)  then 

WRITE  (7,2110)  l,B(k,l),H(k,l),HCAL,DIF(k,l),PER 
WRITE  (10,2120)  B(k,l),H(k,l),HCAL,DIF(k,l),PER 
else 

WRITE  (7,2130)  l,B(k,l),H(k,l),HCAL,DIF(k,l),PER 
WRITE  (10,2140)  B(k,l),H(k,l),HCAL,DIF(k,l),PER 
endif 

2150  continue 

2110  FORMAT  (1X,l3,3X,e14.8,3X,E14.8,2(3X,E14.8),3X,F9.4) 

2120  FORMAT  (1X,e14.8,3X,E14.8,2(3X,E14.8),1X,F9.4) 

2130  FORMAT  (1X,I3,3X,F1 1 .9,3X,E14.8,2(3X,E14.8),5X,F9.4) 

2140  FORMAT  (1X,F1 1 .9,3X,E14.8,2(3X,E14.8),3X,F9.4) 


write  (7,2160)  k,  square(k) 
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tot_sq  = square(k)  + tot_sq 
write  (7,*) 
write  (10,2170) 

WRITE  (10,2180)  ns(k),  temp(k) 

2160  FORMAT  (/3X,The_sum_of  squares_for  temp_set',l2,'  is  ',E14.8) 
2170  FORMAT  ('#  number  of  sites  above  with:  n1,K1,  n2,K2...;  Temp(K)') 
2180  FORMAT  (I2,F7.2) 

DO  2240  IS=1,NS(k) 
if  (fixedn.eq.O)  then 
LI  = ip  + 2*is  - 2 
else 

LI  = 2*is  - 1 
endif 

L2  = ip  + 2*is  - 1 
if  (fixedn.eq.O)  then 

WRITE  (7,2200)  IS,P(l1),SD(k,is,1),IS,P(l2),SD(k,is,2) 
else 

WRITE  (7,2210)  IS,P(l2),SD(k,is,2) 
endif 

2200  FORMAT  (2X,'n',l1  ,'Js  ',E20.11,2X,'  +/-  ',2X,E15.5,2X, 

* 'in_mole/g', 

* /2X,'K',l1,'_is  ’,E20.11,2X,'  +/-  ’,2X,E15.5) 

2210  FORMAT  (2X,'K',l1,'Js  ',E20.1 1 ,2X,'  +/-  ',2X,E15.5) 

if  (UPORDWN.LE.3)  then 
IF  ((ddown(l1).eq.0.0).and.(dup(l1).eq.0.0))  then 
write  (10,2220)  P(I1),0,0 
else 

WRITE  (10,2230)  P(I1),P(I1)*.01  ,P(I1)*.01 
endif 

IF  ((ddown(l2).eq.0.0).and.(dup(l2).eq.0.0))  then 
write  (10,2220)  P(I2),0,0 
else 

WRITE  (10,2230)  P(I2),P(I2)*.01  ,P(I2)*.01 
endif 
else 

IF  ((ddown(l1).eq.0.0).and.(dup(l1).eq.0.0))  then 
write  (10,2220)  P(I1),0,0 
else 

WRITE  (10,2230)  P(l1),P(l1)*1e-10,P(l1)*1e-10 
endif 

IF  ((ddown(l2).eq.0.0).and.(dup(l2).eq.0.0))  then 
write  (10,2220)  P(I2),0,0 
else 

WRITE  (10,2230)  P(l2),P(l2)*1e-10,P(l2)*1e-10 
endif 
endif 

2240  CONTINUE 

2220  FORMAT  (E21.15,15X,I1,25X,I1) 

2230  FORMAT  (E21 .1 5,5X,E21 .5,5X,E21 .5) 

IF  (NE(k).GT.O)  WRITE  (7,2250)  GE(k) 

2250  FORMAT(/3X,'Grams  of_Solid  for_equilibrium  datajs  ', 
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* F5.3,3X/) 
ip  = ip  + 2*ns(k) 

2260  continue 

if  (fixedn.ne.O)  then 
n_tot  = 0.0 
n_sd  = 0.0 

DO  2280  IS=1,maxns 
L1  = 2*is  - 1 

WRITE  (7,2270)  IS,P(l1),SD(1,is,1) 
n_tot  = P(L1)  + n_tot 
n_sd  = SD(1,is,1)  + n_sd 

2270  FORMAT  (2X,'n',l1  ,'_is  ',E20.1 1 ,2X,'  +/-  ',2X, 

* E15.5,'in_mole/g') 

2280  CONTINUE 

write  (7,*) 

write  (7,2300)  n_tot,  n_sd 
2290  FORMAT  (/) 

2300  format  (3X,The_total  njs  ',E16.10,'  +/-  ',3X, 

* E1 1 .5,'  in_mole/g') 
endif 

write  (7,2310)  tot_sq 

2310  format  (/3X,The_total  sum_of_sq  is_  ',E16.10) 

if  (calc_dim.eq.1)  then 
write  (7,2290) 
write  (7,2320)  AREA,  MVL 
write  (7,*) 

DO  2340  IS=1,maxns 
LI  = 2*is  - 1 

WRITE  (7,2330)  IS,AREA*P(I1)*1 000*6.023, 

* AREA*SD(1,is,1)*1 000*6.023 
2340  CONTINUE 

WRITE  (7,2350)  AREA*n_tot*1 000*6.023,  AREA*n_sd*1 000*6.023 
write  (7,*) 

DO  2370  IS=1,maxns 
LI  = 2*is  - 1 

WRITE  (7,2360)  IS,MVL*P(I1),  MVL*SD(1  ,is,1) 

2370  CONTINUE 

WRITE  (7,2380)  MVL*n_tot,  MVL*n_sd 
endif 

2320  FORMAT  ('  The_AREA_per_molc_is  ',  F7.3,'  The_MVL_is  ',  F7.3) 
2330  FORMAT  (2X,'n’,l1  ,'_area_is  ',7X,F10.3,2X,'  +/-  ',2X, 

* F10.4,' in_meters'^2/g') 

2350  FORMAT  (2X,Total_area_is  ',4X,F10.3,2X,'  +/-  ',2X, 

* F10.4,' in_meters'^2/g') 

2360  FORMAT  (2X,'n',l1  ,'_pore_volJs  ',3X,F10.7,2X,'  +/-  ',2X, 

* F10.7,’in_mL/g') 

2380  FORMAT  (2X,Total_pore_vol_is  ',F10.7,2X,'  +/-  ',2X, 

* F10.7,'in_mL/g') 
write  (7,*) 

write  (7,2400) 
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2400  FORMAT  (/,'  Temp:',4X;Temp_#',3X;KM2X,’K',14X, 
* 'SD(K)') 


ip=1 


do  2560  k=1,  nt 
do  2550  is=1,maxns 
L2  = ip  + 2*is  - 1 
sx(IS)  =0 
sx2(IS)  = 0 
sxy(IS)  = 0 
sy(IS)  =0 
wgt(k,IS)  = 0 
t_wgt(IS)  = 0 

write  (7,2500)  temp(k),k,IS,P(L2),SD(k,IS,2) 

2550  continue 

ip  = ip  + 2*ns(k) 

2560  continue 

2500  FORMAT  (f7.2,4X,l2,6X,l1 ,4X,f16.9,1X,f16.9) 
if  (WEIGHT.eq.O)  write  (7,2570) 

2570  format  (/,'  Temp:',4X,Temp_#',3X,'K',7X,'1/Temp’,11X,'ln(K)',8X, 

* 'Weight(K)') 

if  (WEIGHT.eq.1)  write  (7,2580) 

2580  format  (/,'  Temp:',4X,Temp_#’,3X,'K',7X,'1/Temp’,11X,'ln(K)',8X, 

* 'Weight(K)',8X,'Wgt_Factor') 


ip=  1 


if  (WEIGHT.eq.O)  then 
do  2670  k=1,  nt 
DO  2650  IS=1  ,maxns 
L2  = ip  + 2*is  - 1 
sx(IS)  = 1/temp(k)  + sx(IS) 
sx2(IS)  = (1/temp(k))**2  + sx2(IS) 
sy(IS)  = LOG(P(L2))  + sy(IS) 
sxy(IS)  = 1/temp(k)*LOG(P(L2))  + sxy(IS) 
write  (7,2600)  temp(k),k,IS,1/temp(k),LOG(P(L2)), 
* P(L2)/SD(k,IS,2) 

2650  continue 
ip  = ip  + 2*ns(k) 

2670  continue 
endif 

2600  format  (F7.2,4X,I2,6X,I1 ,4X,f1 1 .8,2X,f14.7,2X,f14.7) 

if  (WEIGHT.eq.1)  then 
do  2700  k=1,  nt 
DO  2690  IS=1,maxns 
L2  = ip  + 2*is  - 1 
wgt(k,IS)  = P(L2)/SD(k,IS,2) 
t_wgt(IS)  = t_wgt(IS)  + wgt(k,IS) 

2690  continue 
ip  = ip  + 2*ns(k) 

2700  continue 
endif 
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if  (WEIGHT.eq.l)then 
do  2710  IS=1,maxns 
t_wgt(IS)  = t_wgt(IS)/nt 
2710  continue 
end  if 

if  (WEIGHT.eq.l)then 
ip  = 1 

do  2770  k=1,  nt 
DO  2750  IS=1,maxns 
L2  = ip  + 2*is  - 1 

sx(IS)  = (wgt(k,IS)/t_wgt(IS))*(1/temp(k))  + sx(IS) 
sx2(IS)  = (wgt(k,IS)/t_wgt(IS))*(1/temp(k))**2  + sx2(IS) 
sy(IS)  = (wgt(k,IS)/t_wgt(IS))*LOG(P(L2))  + sy(IS) 
sxy(IS)  = (wgt(k,IS)/t_wgt(IS))*1/temp(k)*LOG(P(L2))  + sxy(IS) 
write  (7,2730)  temp(k),k,IS,1/temp(k),LOG(P(L2)), 

* P(L2)/SD(k,IS,2),(wgt(k,IS)/t_wgt(IS)) 

2750  continue 

ip  = ip  + 2*ns(k) 

2770  continue 
endif 

2730  format  (F7.2,4X,l2,6X,l1,4X,f11.8,2X,f14.7,2X,f14.7,2X,f14.7) 

if  (nt.eq.1)  then 
goto  5010 
else 

write  (7,*) 

if  (WEIGHT.eq.O)  write  (7,2790) 
if  (WEIGHT.eq.1)  write  (7,2800) 

2790  FORMAT  ('  These_are_the  unweighted_regression_parameters') 
2800  FORMAT  ('  These_are_the  weighted_regression_parameters') 

do  2830  IS=1,  maxns 

slope(IS)  = (nt*sxy(IS)-sx(IS)*sy(IS))/(nt*sx2(IS)-sx(IS)**2) 
yinter(IS)  = (sx2(IS)*sy(IS)-sxy(IS)*sx(IS)) 

* /(nt*sx2(IS)-sx(IS)**2) 

2830  continue 

DO  2840  IS=1, maxns 
sd_y(IS)  = 0 
2840  continue 
ip=  1 

do  2860  k=1,  nt 
DO  2850  IS=1, maxns 
L2  = ip  + 2*is  - 1 

dy(k,IS)  = LOG(P(L2))  - (slope(IS)*1/temp(k)+yinter(IS)) 
sd_y(IS)  = dy(k,IS)**2  + sd_y(IS) 

2850  continue 
ip  = ip  + 2*ns(k) 

2860  continue 


IS=1 

D = sx2(IS)*nt-sx(IS)**2 


if  (nt.gt.2)  then 
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DO  2880  IS=1,maxns 

sd_m(IS)  = sqrt((sd_y(IS)/(nt-2))*nt/D)*1 .987/1000 
sd_b(IS)  = sqrt((sd_y(IS)/(nt-2))*sx2(IS)/D)*1 .987 
write  (7,2820)  IS,slope(IS)*1 .987/1 000, sd_m(IS), 

* IS,-yinter(IS)*1.987,sd_b(IS) 

2880  continue 

end  if 

if  (nt.le.2)  then 
DO  2890  IS=1,maxns 

sd_m(IS)  = sqrt(((sd_y(IS)/(nt-1))*nt/D)**2)*1 .987/1 000 
sd_b(IS)  = sqrt(((sd_y(IS)/(nt-1))*sx2(IS)/D)**2)*1.987 
write  (7,2820)  IS,slope(IS)*1 .987/1 000,sd_m(IS), 

* IS,-yinter(IS)*1.987,sd_b(IS) 

2890  continue 
endif 

2820  FORMAT  ('-dHMI  ,':',F10.4,'  +/-  ',F8.5,'  kCal/mole',3X, 

* '-dSM1,':',F10.4,' +/- ’,F8.5,' Cal/(mol*K)’) 


ip  = 1 


DO  2940  IS=1  ,maxns 
sx(IS)  = sx(lS)/nt 
sy(IS)  = sy(IS)/nt 
rt(IS)  = 0 
rbx(IS)  = 0 
rby(IS)  = 0 
2940  continue 
do  2970  k=1,  nt 
DO  2950  IS=1,maxns 
L2  = ip  + 2*is  - 1 

rt(IS)  = (1/temp(k)  - sx(IS))*(LOG(P(L2))  - sy(IS))  + rt(IS) 
rbx(IS)  = (1/temp(k)  - sx(IS))**2  + rbx(IS) 
rby(IS)  = (LOG(P(L2))  - sy(IS))**2  + rby(IS) 

2950  continue 
ip  = ip  + 2*ns(k) 

2970  continue 

do  2990 IS=1,maxns 
r(IS)  = rt(IS)/SQRT(rbx(IS)‘rby(IS)) 
write  (7,2980)  IS,  r(IS)**2 
2990  continue 

2980  FORMAT  ('R''2(M1  ,)=  ’,f7.5) 

5010  endif 
CLOSE  (7) 
close  (1 0) 

5000  continue 
close  (9) 

STOP 

END 


double  precision  FUNCTION  FUNK(H,P,B,N,nt,NS,fixedn) 
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implicit  none 

integer  MAXNTEMP,MAXNPOINT,MAXNSITE 
parameter  (MAXNTEMP=5) 
parameter  (MAXNSITE=5) 
parameter  (MAXNPOINT=200) 

double  precision  H(MAXNTEMP,MAXNPOINT),P(MAXNTEMP*2*MAXNSITE) 
double  precision  B(MAXNTEMP,MAXNPOINT),f,b2 
integer  nt,n(MAXNTEMP),ns(MAXNTEMP),i,k,is,ip,n_tot,fixedn 
integer  11,12 

FUNK  = 0.0 
n_tot  = 0 
B2  = 0.0 
ip  = 1 


do  20  k=1,nt 
DO  10  1=1, N(k) 

F=0.0 

DO  15  IS=0,NS(k)-1 

if  (fixedn.eq.O)  then 
II  = ip  + 2*is 
else 

II  = 1 + 2*is 
endif 

12  = ip  + 2*is  + 1 

B2  = P(l1)*P(l2)*B(k,l)/(1.0+P(l2)‘B(k,l)) 
f = f+  b2 

15  CONTINUE 

FUNK=FUNK+(H(k,l)-F)**2 

10  CONTINUE 

ip  = ip  + 2*ns(k) 
n_tot  = n_tot  + n(k) 

20  continue 

FUNK=SQRT(FUNK/(n_tot-1)) 

RETURN 

END 

double  precision  FUNCTION  CAL(k,l,ip,P,B,NS,fixedn) 
implicit  none 
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integer  MAXNTEMP.MAXNPOINT.MAXNSITE 
parameter  (MAXNTEMP=5) 
parameter  (MAXNSITE=5) 
parameter  (MAXNPOINT=200) 

double  precision  P(MAXNTEMP*2*MAXNSITE),B(MAXNTEMP,MAXNPOINT),b3 
integer  is,i,ns(MAXNTEMP),k,ip,fixedn,l1 ,12 

CAL  = 0.0 
B3  = 0.0 

DO  10  IS=1,NS(k) 

if  (fixedn.eq.O)  then 
II  = ip  + 2*is  - 2 
else 

II  = 2*is  - 1 
endif 


12  = ip  + 2*is  - 1 

B3  = P(l1)*P(l2)*B(k,l)/(1.0+P(l2)*B(k,l)) 
CAL  = CAL  + B3 

10  CONTINUE 

RETURN 

END 


SUBROUTINE  SIMPLEX(nt,EP,NP,N,KX,T,Ddown,dup,H,B, NS, fixedn.count, 
*m,br) 

implicit  none 

integer  MAXNTEMP,MAXNSITE 
parameter  (MAXNTEMP=5) 
parameter  (MAXNSITE=5) 

double  precision  RI(MAXNTEMP*2*MAXNSITE),T(MAXNTEMP*2*MAXNSITE) 
double  precision  TT(MAXNTEMP*2*MAXNSITE) 

double  precision  S(MAXNTEMP*2*MAXNSITE,MAXNTEMP*2*MAXNSITE  + 1) 
double  precision  H(MAXNTEMP,MAXNSITE),B(MAXNTEMP,MAXNSITE) 
double  precision  Ddown(MAXNTEMP*2*MAXNSITE) 
double  precision  dup(MAXNTEMP*2*MAXNSITE) 
double  precision  ep,br,wr,f,rt,r 

integer  np,n(MAXNTEMP),ns(MAXNTEMP),kx,ki,jw,jb,i,j,nv,nt 
integer  fixedn,  count,  m 

CALL  PARMAT(nt,NP,S,T,RI,Ddown,dup,B,H,N,NS,fixedn) 

NV=  NP+1 

IF  (RI(I).EQ.O.O)  then 
GO  TO  110 
endif 


Kl  = 0 
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BR  = 0.0 

20WR=  Rl(1) 
BR  = WR 
JW=  1 
JB  = 1 


DO  30  I = 2,NV 

IF  (RI(I).GE.WR)  then 
WR  = Rl(l) 

JW=  I 
endif 


IF  (RI(I).LT.BR)  then 
BR  = Rl(l) 

JB  = I 
endif 

30  CONTINUE 

if  (Kl.eq.500)  print  131,  BR,  Kl,  count-m 
if  (Kl.eq.1000)  print  131,  BR,  Kl,  count-m 
if  (Kl.eq.2000)  print  131,  BR,  Kl,  count-m 
If  (Kl.eq.3000)  print  131,  BR,  Kl,  count-m 
if  (Kl.eq.4000)  print  131,  BR,  Kl,  count-m 
if  (Kl.eq.5000)  print  131,  BR,  Kl,  count-m 
if  (Kl.eq.6000)  print  131,  BR,  Kl,  count-m 
if  (Kl.eq.7000)  print  131,  BR,  Kl,  count-m 
if  (Kl.eq.8000)  print  131,  BR,  Kl,  count-m 
if  (Kl.eq.9000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. 10000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. 15000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. 20000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. 25000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. 30000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. 35000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. 45000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. 50000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. 55000)  print  131,  BR,  Kl,  count-m 
if  (KI.eq. KX)  print  131,  BR,  Kl,  count-m 

IF  (KI.GE.KX)then 
GO  TO  110 
endif 

IF  (BR.LT.EP)  then 

print  *,'Best  Test  within  acceptable  limits.' 

GO  TO  110 
endif 

Kl  = KI+1 

F = 1.0 

CALL  VERTEX(nt,S,T,JW,NP,F,H,B,R,N,NS,fixedn) 


IF(R.GT.BR)  GO  TO  40 
RT  = R 
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DO  50  I = 1,NP 
TT(I)  = T(l) 

50  CONTINUE 

F = 2.0 

CALL  VERTEX(nt,S,T,JW,NP,F,H.B,R,N,NS,fixedn) 

IF  (R.GT.RT)  GO  TO  60 

90  DO  70  I = 1,NP 
S(I,JW)  = T(l) 

70  CONTINUE 

RI(JW)  = R 

GO  TO  20 

60  R = RT 

DO  80  I = 1,NP 
T(l)  = TT(I) 

80  CONTINUE 

GO  TO  90 

40  IF  (R.LE.WR)  GO  TO  90 
F = -0,5 

CALL  VERTEX(nt,S,T,JW,NP,F,H,B,R,N,NS,fixedn) 

IF  (R.LE.WR)  GO  TO  90 
DO  100  I = 1,NP 
DO  100  J=  1,NV 

IF  (J.NE.JB)  S(I,J)  = (S(l,JB)+S(l,J))/2 
100  CONTINUE 
GO  TO  20 

110  IF  (KI.GE.KX)  WRITE  (6,120) 

IF  (KI.LT.KX)  WRITE  (6,130) 

110  IF  (BR.GT.EP)  then 

print  Best  test  improves  less  than  acceptable  limits.' 
print  31,br,ep 

31  formate  Besttest=',E21.15,'  Acceptable  limit=',E8.2) 
endif 


120  FORMAT  (/5X,'Maximum  Number  of  Loops  (KX)  Exceeded’) 
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130  FORMAT  (/5X, 'Convergence  Reached,  Best  Residual  will  not  improve' 

*'  in  this  count.',/) 

131  FORMAT  ('BR  = ',E25.17,3X,'Loops  = ',i11,2X,'Count  = ',i2) 

RETURN 

END 

SUBROUTINE  PARMAT(nt,NP,S,T,RI,ddown,dup,B,H,N,NS,fixedn) 
implicit  none 

integer  MAXNTEMP,MAXNPOINT,MAXNSITE 
parameter  (MAXNTEMP=5) 
parameter  (MAXNSITE=5) 
parameter  (MAXNPOINT=200) 

double  precision  T(MAXNTEMP*2*MAXNSITE) 

double  precision  S(MAXNTEMP*2*MAXNSITE,MAXNTEMP*2*MAXNSITE+1) 
double  precision  RI(MAXNTEMP*2*MAXNSITE) 
double  precision  Ddown(MAXNTEMP*2*MAXNSITE) 

double  precision  dup(MAXNTEMP*2*MAXNSITE),B(MAXNTEMP,MAXNPOINT) 
double  precision  H(MAXNTEMP,MAXNPOINT) 
integer  nv,np,i,j,n(MAXNTEMP),ns(MAXNTEMP),nt,fixedn 
double  precision  FUNK 

NV=NP+1 

DO  30  1=1, NP 

DO  30  J=1,NV 

IF  (I.GE.J)  then 
S(I,J)  = T(l)+dup(i) 
else 

S(I,J)  = T(l)-ddown(i) 

if  (S(i,j)  .LT.  0.0)  then 
S(i,j)  = T(i)  * 0.1 
endif 

endif 

30  CONTINUE 

DO  40  1=1, NV 

DO  50  J=1,NP 
T(J)=S(J,I) 

50  CONTINUE 

Rl(l)  = FUNK(H,T,B,N,nt,NS,fixedn) 

40  CONTINUE 

RETURN 


END 


175 


SUBROUTINE  VERTEX(nt,S,T,JW, NP,F,H,B,R.N, NS, fixedn) 
implicit  none 

integer  MAXNTEMP,MAXNPOINT,MAXNSITE 
parameter  (MAXNTEMP=5) 
parameter  (MAXNSITE=5) 
parameter  (MAXNPOINT=200) 

double  precision  T(MAXNTEMP*2*MAXNSITE) 

double  precision  S(MAXNTEMP*2*MAXNSITE,MAXNTEMP*2*MAXNSITE+1) 
double  precision  C(MAXNTEMP*2*MAXNSITE),B(MAXNTEMP,MAXNPOINT) 
double  precision  H(MAXNTEMP.MAXNPOINT) 
double  precision  f,r,su 

integer  np,n(MAXNTEMP),ns(MAXNTEMP),nv,i,j,jw,nt, fixedn 
double  precision  FUNK 

SAVE 

NV  = NP  + 1 

DO  10  I = 1,NP 
SU  = 0.0 

IF(F.NE.I.O)  GOTO  30 

DO  20  J = 1,NV 
IF  (J.NE.JW)  SU  = SU  + S(I,J) 

20  CONTINUE 

C(l)  = SU  / NP 

30  T(l)  = C(l)  * (1  0 + F)  - F * S(I,JW) 

if(T(l)  .LT.  0.0)  then 
T(l)=  1.0d+1 
endif 

10  CONTINUE 

R = FUNK(H,T,B,N,nt, NS, fixedn) 

RETURN 

END 

subroutine  getline(u) 
implicit  none 

integer  u 
character*78  buf 

10  read  (u,'(A)')  buf 

if  (buf(1:1).eq.'#')  then 
print  *,  buf 
goto  1 0 
endif 
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backspace(u) 

RETURN 

END 

Input  File  Glossary  and  Example 

An  input  line  preceded  by  a pound  sign  (#)  is  ignored  by  the  program  and 
is  used  as  a comment  line. 

CONVERGE:  is  the  criterion  for  program  convergence.  The  program  will 
terminate  when  this  value  is  reached. 

# INNER  LOOPS:  is  the  number  of  calculations  the  program  will  run  before 
exiting.  A small  number  is  best  as  local  minima  are  sometimes  found  and  the 
only  way  of  getting  out  of  the  local  is  to  start  again. 

FIXEDN:  a value  of  zero  (0)  results  in  the  program  using  independent  m-sets 
for  each  data  set.  A value  of  one  (1)  resvdts  in  the  program  using  a single  ni- 
sei for  the  combined  data  set  (all  temperature  sets). 

UP-DOWN:  sets  the  bound  for  the  next  input  file. 

# OUTER  LOOPS:  is  the  number  of  times  that  the  program  will  read  in  the 
new  input  file  (created  after  CONVERGE  or  # INNER  LOOPS  is  reached) 
before  terminating. 

A-V:  a value  of  zero  (0)  results  in  areas  and  volumes  not  being  calculated.  A 
value  of  one  (1)  results  in  the  calculation  of  surface  areas  and  pore  volumes 
based  on  the  AREA  and  MV  values. 

WEIGHT:  a value  of  zero  (0)  results  in  an  unweighted  hnear  regression  of 
InKi  versus  T'l.  A value  of  one  (1)  uses  a weighting  factor  of  KVg^k  in  a hnear 
regression  of  InKi  versus  T-i. 

0 

AREA:  is  the  molecular  area  for  the  adsorptive  used  in  A^. 

MV:  is  the  molar  volume  of  the  adsorptive  used  in  mL  mole  ^ 

# SETS:  is  the  total  number  of  data  sets  used. 

POINTS:  is  the  number  of  points  in  the  data  set 

GRAMS  SOL:  is  the  number  of  grams  of  sohd  that  the  adsorption  data  is 
based.  The  data  from  the  ASAP  2000  is  based  on  one  gram  of  sohd. 

EQ  PRESS:  is  the  equihbrium  pressure  in  atmospheres. 

MOLS  ADS:  is  the  number  of  moles  adsorbed  at  the  associated  pressure. 

PROCESSES:  is  the  number  of  processes  to  be  used  to  fit  the  data. 
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TEMP:  is  the  temperature  that  the  data  set  was  collected  in  Kelvin. 

There  cannot  he  any  blank  hnes  in  the  data  set  or  the  program  will 
terminate.  The  program  will  also  terminate  if  one  of  the  parameters  does  not 
agree  with  what  is  read,  for  example,  12  data  points  are  expected  and  only  10 
are  included. 

# N2  / A572  (-93"C,  -43"C,  & 0”C) 

# 3 PROCESS  FIT 

# CONVERGE  / # INNER  LOOPS  / FIXEDN 
1E-13  25000  1 

# UP-DOWN  / # OUTER  LOOPS  / A-V  / WEIGHT 

2 5 11 

# AREA / MV 
15.27  25.02 

# # SETS 

3 

#-93°C 


# POINTS 
12  1 

GRAMS  SOL 

# EQ  PRESS 

MOLS  ADS 

6.3371  E-03 

2.8399E-04 

3.1718E-02 

8.4942E-04 

6.2951  E-02 

1 .2648E-03 

1 .2705E-01 

1.8251  E-03 

1.9319E-01 

2.231  IE-03 

2.6239E-01 

2.5648E-03 

3.9229E-01 

3.0478E-03 

5.2274E-01 

3.4238E-03 

6.5346E-01 

3.731 6E-03 

7.8703E-01 

3.9981  E-03 

9.1965E-01 

4.2277E-03 

9.9096E-01 

4.3385E-03 

# PROCESSES / TEMP 

3 180.15 

#n1 

0.000463 

#K1 

0 0 

101  0 
#n2 

0 

0.00179 

#K2 

0 0 

10  0 
#n3 

0 

0.00534 

#K3 

0 0 

0.8  0 
# -43"C 

0 

# POINTS 
12  1 

GRAMS  SOL 

# EQ  PRESS 

MOLS  ADS 

6.5405E-03 

2.6564E-05 

3.2874E-02 

1 .2248E-04 

6.6625E-02 

2.2958E-04 

1.3195E-01 

4.0504E-04 
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1.9687E-01 

5.5408E-04 

2.5886E-01 

6.7924E-04 

3.9474E-01 

9.1756E-04 

5.2648E-01 

1.1139E-03 

6.5148E-01 

1 .2778E-03 

7.8859E-01 

1 .4404E-03 

9.2094E-01 

1.5825E-03 

9.9232E-01 

1.6538E-03 

# PROCESSES /TEMP 

3 193.15 

#n1 

0 0 
#K1 

0 

35  0 

#n2 

0 

0 0 
#K2 

0 

4 0 

#n3 

0 

0 0 
#K3 

0 

0.4  0 

#0°C 

0 

# POINTS 
9 1 

GRAMS  SOL 

# EQ  PRESS 

MOLS  ADS 

1.2704E-01 

1.1048E-04 

1.9475E-01 

1 .6449E-04 

2.6137E-01 

2.1485E-04 

3.9487E-01 

3.1036E-04 

5.2280E-01 

3.9553E-04 

6.5481  E-01 

4.7765E-04 

7.8627E-01 

5.5481  E-04 

9.1808E-01 

6.2803E-04 

9.931 3E-01 

6.6855E-04 

# PROCESSES / TEMP 

3 213.15 

#n1 

0 0 
#K1 

0 

10  0 
#n2 

0 

0 0 
#K2 

0 

1.4  0 

#n3 

0 

0 0 
#K3 

0 

0.2  0 

0 
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